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ABSTRACT 
Behavioral Impairment Following Gestational Exposure to Titanium Dioxide Nanomaterial 
Aerosols in Male and Female Rats  
 
Matthew L.  Eckard 
 
Engineered nanomaterials (ENMs) are beginning to be recognized as hazardous to human and 
animal health. Titanium dioxide (TiO2) is primarily used as a whitening agent in paints, plastics, 
and sunscreens. While relatively inert in its bulk form, nano-TiO2 (<100 nanometer particle 
diameter) can produce prolonged inflammation and oxidative stress in target tissue. Recently, the 
potential for nano-TiO2 to cause neuroinflammation and damage has heightened concerns about 
its continued use. One important concern is that nano-TiO2, and other metal oxide ENMs, may 
affect fetal neurodevelopment. Accordingly, it is imperative to screen ENMs, like TiO2, for 
possible neurotoxicity following developmental exposures. The current set of studies assessed 
behavioral outcomes in male and female rat offspring following gestational exposure to nano-
TiO2 aerosols. Pregnant Sprague-Dawley rats were exposed to nano-TiO2 aerosols (12 mg/m
3) 
across 6 days from gestational day (GD) 12-20 for 6 h/day. Testing of the offspring began at 
postnatal day (PND) 70. While no exposure-related deficits were detected in delayed 
reinforcement learning, nano-TiO2-exposed male rats showed increased perseverative error and 
reduced response latencies in a discrimination reversal task. Additionally, nano-TiO2-exposed 
male rats showed higher response rates and response inefficiency on a DRL 30-s schedule. 
Behavioral impairment was not evident in nano-TiO2-exposed female rats indicating potential 
sex-specific effects of ENM exposure. Behavioral impairment was not robust and performance in 
nano-TiO2-exposed male rats approximated that of controls after sufficient training. These data 
extend previous work by not only showing that behavioral impairment can be detected in 
sensitive operant behavioral measures following extremely low-level nano-TiO2 aerosol 
exposures, but also that males may be more susceptible than females. Together, the current study 
adds to the emerging literature that developmental exposure to nano-TiO2 can affect executive 
function in the offspring.   
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ENM – engineered nanomaterial 
TiO2 – titanium dioxide 
BBB – blood-brain barrier  
GFAP – glial fibrillary protein 
GD – gestational day  
PM – particulate matter 
UFP – ultrafine particulate matter 
DRL – differential reinforcement of low rates 
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ANOVA – analysis of variance 
IRT – interresponse time  
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PFC – prefrontal cortex 
ASD – autism-spectrum disorder 
ADHD – attention deficit/hyperactivity disorder 
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Introduction 
Since one of its first initial descriptions (Feynman, 1960), the field of nanotechnology has 
been continually progressing. In 2015, it was estimated that over 1800 consumer products 
containing engineered nanomaterials (ENMs) were available to consumers (Vance et al., 2015). 
ENMs are broadly defined as anthropogenic material with particle diameters measuring < 100 
nanometers (nm). Due to their small size, ENMs have physicochemical characteristics distinct 
from those of their bulk counterparts. For example, they have much greater surface area and 
reactivity than bulk material allowing for a range of special applications (Guo, Xie, & Luo, 
2014). ENMs, including various metal oxides, are used widely across medical, industrial, and 
consumer applications (Montazer & Seifollahzadeh, 2011; Reimhult, 2015; Ujjain, Roy, Kumar, 
Singha, & Khare, 2016). For example, titanium dioxide (TiO2) nanomaterial is used in many 
applications including cleaning air and water via photocatalysis, blocking ultra-violet rays in 
sunscreens, and serving as white pigment in paints, foods, plastics, and toothpastes (Montazer & 
Seifollahzadeh, 2011).  
Despite their inherent advantages across numerous applications, extensive assessments of 
ENM toxicity remain warranted (Hendren, Mesnard, Dröge, & Wiesner, 2011; Nel, Xia, Madler, 
& Li, 2006). More specifically, our understanding of how ENM exposure affects neurological 
and behavioral outcomes are critically lacking. The extent to which gestational ENM exposure 
affects these outcomes is even less understood. Gestation is a critical window of brain 
development during which toxicant exposure can produce long-lasting neurological and 
behavioral deficits relative to similar exposures during adulthood (Rice & Barone, 2000). To 
date, only five studies have evaluated the impacts of gestational ENM exposure on behavioral 
outcomes in the offspring (Cui et al., 2014; Engler-Chiurazzi et al., 2016; Hougaard et al., 2010; 
Jackson, Vogel, Wallin, & Hougaard, 2011; Notter et al., 2018). Importantly, these studies differ 
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on route of ENM exposure (e.g., injection, oral gavage, and inhalation), dose, and behavioral 
targets. Moreover, these studies did not include systematic repeated-measures designs to evaluate 
long-term learning processes, which is a critical component of evaluating neurobehavioral 
deficits following gestational neurotoxicant exposure (Cory-Slechta, 2010; Laties, 1978). The 
current set of experiments was designed to assess behavioral deficits in rats exposed during 
gestation to nano-TiO2 aerosols by maternal inhalation. Additionally, the selected nano-TiO2 
exposure regimen represents are more realistic exposure relative to prior “proof-of-concept” 
exposure doses. Finally, behavioral assays were selected to target specific behavioral processes, 
which have been consistently perturbed following putative neurotoxicant exposure.  
Common Exposure Routes of Engineered Nanomaterial 
 Due to continued industrial production of ENMs across a wide range of applications 
(Mueller & Nowack, 2008; Piccinno, Gottschalk, Seeger, & Nowack, 2012; Robichaud, Uyar, 
Darby, Zucker, & Wiesner, 2009; Vance et al., 2015), it is important to consider the routes by 
which humans may be exposed to ENMs. The three primary exposure routes are transdermal, 
ingestion, and inhalation. Exposure from injection and implanted medical devices are also 
potential routes of exposure that should not be overlooked but are not considered primary 
exposure routes. Dermal exposure to ENM mostly occurs by using cosmetic products on the 
skin, or drug therapies designed for dermal absorption. Aerosol and lotion-based sunscreens are 
common ENM-containing products in which nano-TiO2 and zinc oxide are effective at reflecting 
ultraviolet radiation (Montazer & Seifollahzadeh, 2011). While these materials are relatively 
ineffective at penetrating intact or damaged skin,hair follicles represent a potential portal of entry 
for ENMs applied to the skin (Monteiro-Riviere et al., 2011). Ingestion of ENMs primarily 
occurs through their presence in various food products (Pathakoti, Manubolu, & Hwang, 2017; 
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Srinivas et al., 2010) or by secondary mucosal clearance from the lung of inhaled particles that 
are subsequently swallowed (Gaté et al., 2017). ENMs are often included in foods and food 
packaging for antimicrobial purposes to increase shelf life or to increase the solubility of the 
foods (Pathakoti et al., 2017). After ingestion, ENMs have the potential to translocate to the 
systemic circulation from the digestive tract and become distributed throughout the body (Jani, 
Halbert, Langridge, & Florence, 1990). However, intestinal absorption of ENM tends to be 
negligible (Kreyling et al., 2017). 
 Inhalation represents the most physiologically relevant exposure route for ENMs in 
humans. This is largely based on the relative ease with which airborne particles can enter the 
lung and the inefficiency of particle clearance from the lung following inhalation. Macrophage 
phagocytosis is the predominant clearance mechanism for inhaled particulate matter entering the 
alveoli of the lung (Warheit, Overby, George, & Brody, 1988), which is the primary area in 
which nano-sized particles deposit (International Commission on Radiological Protection, 1994). 
Relative to micron-sized particles, which show approximately 80% clearance 24 h after 
inhalation, only about 0.1% of nano-sized particles are cleared 24 h after inhalation (Geiser & 
Kreyling, 2010; Geiser et al., 2008). Thus, once inhaled, ENMs tend to remain in the lung longer 
relative to larger particles. For other routes of exposure, ENMs either do not penetrate easily 
(dermal) or are excreted more efficiently after entering the body (ingestion). Inhalation of ENM, 
or ultrafine particulate matter generally, can occur via a wide range of sources including ambient 
air (Valavanidis & Fiotakis, 2008) during the production, transportation, and storage of bulk 
quantities of ENMs (e.g., nano-TiO2 and nano-silver) (Mueller & Nowack, 2008; Robichaud et 
al., 2009), and by inhalation of consumer spray products containing ENMs (Losert et al., 2014; 
Park et al., 2017). In addition to its physiological relevance, ENM inhalation is perhaps the most 
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developed area of ENM toxicity stemming from earlier work on ultrafine particulate matter in air 
pollution (Oberdörster et al., 2000; Oberdörster, Oberdörster, & Oberdörster, 2005; Valavanidis 
& Fiotakis, 2008). One consequence of the lack of particle clearance from the lung is that it 
increases the probability that ENM particles will translocate from the lung to systemic 
circulation eventually becoming deposited in secondary organs leading to systemic inflammation 
(Geiser et al., 2008; Semmler et al., 2004). Indeed, deposits of inhaled or intratracheally instilled 
ENMs (e.g., elemental carbon, iridium, silver, uranium, TiO2, manganese oxide) have been 
found in the liver, spleen, kidneys, and the brain of rats and mice, among other areas (Elder et al., 
2006; Oberdörster et al., 2004; Petitot et al., 2013; Pujalté, Dieme, Haddad, Serventi, & 
Bouchard, 2017; Semmler et al., 2004; Takenaka et al., 2001; Wang et al., 2008). Thus, there is 
potential for ENMs to produce a wide range of toxicological effects following inhalation.  
Neurological and Behavioral Effects of Direct ENM Exposure 
 Both direct and gestational exposure to ENMs can be neurotoxic in animal models (see 
Bencsik, Lestaevel, & Guseva Canu, 2018, Cupaioli, Zucca, Boraschi, & Zecca, 2014, and 
Oberdörster, Elder, & Rinderknecht, 2009 for reviews). After direct exposure, ENM particles can 
gain entry to the brain by either crossing the blood-brain barrier (BBB) or by anterograde axonal 
transport via the olfactory nerve pathway during inhalation (e.g., De Lorenzo, 1970). Exposure to 
ENMs through the airways via inhalation or intranasal instillation in rats produces ENM deposits 
in the olfactory bulb (Oberdörster et al., 2004) with lower but significant concentrations in the 
striatum, frontal cortex, cerebellum, and the hippocampus (Elder et al., 2006, Wang et al., 2008a; 
Wang et al., 2008b). After contacting target tissue, ENM can induce neuroinflammation. For 
example, intragastric administration of high-dose nano-TiO2 (i.e., 50-200 mg/kg) increased 
expression of glial fibrillary acidic protein (GFAP) indicating astrocyte activation (Grissa et al., 
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2016). Although these previously mentioned studies did not assess behavioral deficits following 
exposure, large doses of nano-TiO2 (i.e., 5-50 mg/kg, p.o.) administered repeatedly (i.e., 60-90 
days) produce spatial memory deficits in Y-maze and Morris water maze tests in mice (Hu et al., 
2010; Ze et al., 2014). In the only study assessing deficits in operant behavior, a single injection 
of nano-TiO2 suspensions (approximately 20 µg) into the lateral ventricles of rats produced 
spatial discrimination deficits in a task requiring alternating responses across two levers for up to 
seven days post-injection (Kim et al., 2013). These behavioral deficits are collectively associated 
with dose-dependent decreases in dopamine and serotonin either in the whole brain (Hu et al., 
2010) or striatum and frontal cortex of mice (Zhang et al., 2011). Thus, behavioral and 
neurological outcomes are sensitive to direct ENM exposure; however, the majority of these 
studies used doses that are extremely high, potentially leading to pulmonary overload if they 
were to be translated into an inhalation paradigm (Warheit, 2013), which perhaps limits their 
generality. Nonetheless, one primary conclusion to be drawn from direct ENM exposure studies 
is that ENMs are not benign and represent a realistic threat to neurological health following 
exposure. 
Neurological and Behavioral Effects of Gestational/Developmental ENM Exposure 
 Given the observed effects of direct ENM exposure, it follows that exposure during 
gestation may produce more profound effects. It is widely accepted that gestation represents a 
critical developmental window in which toxicant exposure can negatively affect neural 
development and produce long-lasting deficits in executive function (Rice & Barone, 2000). In 
rodents, brain formation begins at approximately gestational day (GD) 7 and, in humans, around 
GD 21 (Rice & Barone, 2000; Sadler, 2005). During these early stages, healthy brain 
development can be compromised by an aversive gestational environment via toxicant exposure 
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(Rice & Barone, 2000; Wells et al., 2005). While an understanding of neurological and 
behavioral outcomes following gestational ENM exposure are still limited, several studies 
indicate that it is associated with alterations in neurotransmitter systems, inflammatory 
responses, and behavioral deficits in short-term behavioral assays. For example, systemic 
administration of nano-TiO2 during gestation produced titanium deposits in the frontal and 
temporal lobes of mouse offspring up to six weeks after exposure (Takeda et al., 2009). Similar 
gestational nano-TiO2 exposures in mice also produced alterations in gene expression related to 
brain development (Shimizu et al., 2009; Umezawa, Tainaka, Kawashima, Shimizu, & Takeda, 
2012) and increased dopamine levels in the prefrontal cortex and striatum (Takahashi, Mizuo, 
Shinkai, Oshio, & Takeda, 2010).  
As changes in the brain generally carry little meaning without concomitant changes in 
behavior (Krakauer, Ghazanfar, Gomez-Marin, MacIver, & Poeppel, 2017), detection of 
behavioral impairment following gestational ENM exposure is a crucial step in establishing 
ENM as a developmental neurotoxicant. To date, the few studies reporting behavioral deficits 
following gestational ENM exposure center around increased depressive-like behavior and 
deficits in spatial memory and social interaction in rodents (Cui et al., 2014; Engler-Chiurazzi et 
al., 2016; Fu et al., 2018; Hougaard et al., 2010; Jackson et al., 2011; Mohammadipour et al., 
2014; Notter et al., 2018). As might be expected, robust deficits are typically detected after 
extremely high exposures (e.g., 100 mg/kg nano-TiO2 orally throughout gestation; 
Mohammadipour et al., 2014) whereas more subtle deficits are found using realistic exposure 
routes and doses (e.g., 350 µg nano-TiO2 via inhalation throughout gestation; Engler-Chiurazzi 
et al., 2016). The findings of Engler-Chiurazzi and colleagues (2016) are particularly interesting 
because longer latencies to locate a platform submerged in water and greater working memory 
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errors in a radial arm maze were detected in male rat offspring following maternal inhalation of 
nano-TiO2 at an extremely low dose (i.e., 350 µg total throughout gestation) relative to other 
studies using unrealistically high exposures. Therefore, there is reason to explore other, long-
term behavioral deficits following low-dose maternal inhalation exposures rather than continuing 
with high-dose, proof-of-concept exposure regimens and simplistic behavioral targets.  
Exposure to Air Pollution as a Proxy for ENM  
 Despite this promising avenue for future research, no long-term studies of behavior 
following low-dose gestational exposures similar to Engler-Chiurazzi et al. (2016) have been 
conducted. This paucity of research not only creates a substantial knowledge gap regarding 
neurodevelopmental effects of low-dose gestational ENM exposure, but also makes it difficult to 
select repeated-measures behavioral targets for initial study. However, studies of prenatal and 
neonatal exposure to fine and ultrafine particulate matter (PM) in ambient air pollution provide 
some basis for selecting behavioral targets. The constituents of air pollution include course, fine, 
and ultrafine PM, the latter of which is similar in size to nanomaterial (i.e., approximately 100 
nm in diameter). Ambient air pollution is not only associated with increased mortality (Di, Dai, 
et al., 2017; Di, Wang, et al., 2017; World Health Organization, 2017), but also with deficits in 
learning outcomes in children exposed during gestation to air pollution (Chiu et al., 2017; 
Guxens et al., 2018; Payne-Sturges et al., 2019; Sunyer & Dadvand, 2019; Sunyer et al., 2015; 
Volk, Lurmann, Penfold, Hertz-Picciotto, & McConnell, 2013). Additionally, ambient air 
pollution is correlated with heightened incidences of attention-deficit/hyperactivity disorder 
(ADHD) (Min & Min, 2017), a neurodevelopmental disorder characterized by inattention and 
impulsivity. For example, fine particle concentration in air pollution during pregnancy was 
associated with thinner frontal lobe cortices in children and higher response inhibition errors on a 
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response set task (Guxens et al., 2018). Deficits in children’s executive function also correlate 
with proximity to high-density air pollution such that children attending schools closer to high-
traffic areas have decreased performance in working memory tasks relative to children in lower-
traffic areas (Sunyer et al., 2015). Furthermore, there appear to be sex-specific effects of air 
pollution in which IQ and reaction times were lower and higher, respectively, in male children 
whereas memory deficits were more commonly detected in female children (Chiu et al., 2017). 
Importantly, exposures during mid-to-late pregnancy had stronger associations with behavioral 
outcomes than exposures during early pregnancy (Chiu et al., 2017).  
 Animal models of gestational and neonatal exposure to ambient air pollution also show 
consistent deficits in repeated-measures evaluations of executive function that overlap with 
behavioral deficits found in human populations (Allen et al., 2017(a), 2017(b)). In mice, neonatal 
exposure to concentrated ultrafine air pollution (UFP), which aligns with the third trimester of 
human gestation (Rice & Barone, 2000), produces deficits in operant behavior tasks requiring 
response inhibition and behavioral flexibility to earn food rewards (Allen et al., 2013; Cory-
Slechta, Allen, Conrad, Marvin, & Sobolewski, 2018; Morris-Schaffer et al., 2018). One of the 
tasks used by Cory-Slechta et al. (2018) was a differential-reinforcement-of-low-rates (DRL) 
schedule of reinforcement. In this task, reinforcers are earned if responses are spaced by some 
minimum interval (Zimmerman & Schuster, 1962). If a response occurs too early, no reinforcer 
is provided, the response timer is reset to zero, and responding must be withheld until the 
criterion time elapses again. Thus, the subject must learn to inhibit responding appropriately. 
Following neonatal UFP exposure, adult mice earned fewer reinforcers and lever pressed more 
frequently than air-exposed mice across successive transitions from short to long DRL schedules 
without systematic exposure-related deficits within a given DRL schedule (Cory-Slechta et al., 
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2018). Similarly, rats chronically exposed to UFP for the first 25 weeks after birth earned fewer 
reinforcers on short DRL schedules relative to controls with these differences subsiding on 
longer DRL schedules (Woodward et al., 2018). Furthermore, these deficits in DRL responding 
were observed more consistently in male mice than in females (Cory-Slechta et al., 2018), but 
similar data on female rats are lacking (Woodward et al., 2018).  
In addition to response inhibition deficits, behavioral flexibility is also impacted by 
neonatal UFP exposure. In behavioral flexibility paradigms, a discrimination typically is trained 
between two stimuli that differ in visual or spatial dimensions such that responding to one 
stimulus is reinforced (S+) while responding to the other is not reinforced (S-) (Dias, Robbins, & 
Roberts, 1996). Then, the contingencies for reinforcement are manipulated such that the S+ and 
S- are reversed or a discrimination for another stimulus dimension is reinforced (e.g., stimulus 
shape vs. spatial location). The former is usually termed a discrimination reversal or 
intradimensional shift whereas the latter is termed an extradimensional shift. Morris-Schaffer et 
al. (2018) reported that male, but not female, mice exposed to UFP had increased discrimination 
errors during initial training relative to air-exposed controls. Interestingly, no exposure-related 
deficits were detected shortly after a discrimination reversal occurred. However, when the 
informational cue changed from lever position (i.e., left vs. right) to a randomly alternating light 
above each lever (i.e., extradimensional shift), UFP-exposed males displayed increased response 
errors across sessions relative to controls with no differences detected in female mice (Morris-
Schaffer et al., 2018). These deficits in response inhibition and behavioral flexibility following 
UFP exposure also align with previous work using similar behavioral paradigms to establish 
lead, methylmercury, and other substances as developmental neurotoxicants (Bushnell, 1988; 
Paletz, Craig-Schmidt, & Newland, 2006; Paletz, Day, Craig-Schmidt, & Newland, 2007; Reed, 
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Paletz, & Newland, 2006; Rice, 1992, 1998; Rice & Gilbert, 1985; Sable, Eubig, Powers, Wang, 
& Schantz, 2009; Widholm et al., 2001). Thus, these tasks may also be useful in uncovering 
possible deficits caused by gestational ENM exposure. 
 Disruptions in brain morphology, neuroimmune response, and neurochemistry also align 
with behavioral outcomes following gestational and neonatal UFP exposures. Mice exposed to 
UFP during the neonatal window showed enlarged ventricles, microglia and astrocyte activation 
in the hippocampus, reduced corpus callosum myelination, and increased dopamine, 
norepinephrine, and glutamate in the striatum (Allen, Liu, Pelkowski, et al., 2014a; Allen, Liu, 
Weston, Conrad, et al., 2014b; Allen, Liu, Weston, Prince, et al., 2014c; Allen et al., 2017). 
Furthermore, neonatal UFP exposure increased glutamate excitotoxicity and microglia activation 
in the hippocampus of mice (Allen et al., 2017; Allen, Liu, Weston, Conrad, et al., 2014b). These 
neurological effects are also largely male-specific, which mirror observed behavioral deficits. 
Gestational exposure to UFP also resulted in enlarged ventricles, reduced hippocampal volume, 
and increased corpus callosum myelination; although, it is thought that this latter effect is 
perhaps a compensatory response (Klocke et al., 2017, 2018). Interestingly, sex-specific 
differences in neurological outcomes were minimized following gestational UFP exposure 
(Klocke et al., 2017). However, behavioral outcomes following gestational UFP exposure remain 
largely unknown.  
To the extent that gestational UFP exposure mimics consequences of ENM exposures, 
the current literature on neurodevelopmental consequences of UFP justifies similar investigations 
following ENM exposure. Moreover, there appear to be similar mechanisms of neural insult 
following exposure to either UFP or ENM such that monoamine systems are dysregulated, 
inflammatory markers are upregulated, and brain regions critical for memory and decision-
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making are impacted (Allen, Liu, Weston, Conrad, et al., 2014b; Cui et al., 2014; Klocke et al., 
2018; Mohammadipour et al., 2014). Additionally, selection of similar behavioral targets for 
ENM neurotoxicity allows some degree of comparison to other, more established neurotoxicants 
like heavy metals. Finally, this inductive approach beginning with standard operant behavioral 
paradigms will provide a basis for exploring additional behavioral phenotypes that may manifest 
following gestational ENM exposure, which may be undetected by focusing on behavioral 
inhibition and flexibility targets specifically (e.g., fine motor function and choice).    
Statement of the Problem 
Given the behavioral and neurological outcomes following gestational/neonatal ultrafine 
air pollution exposure, it is unclear if gestational ENM aerosol exposure will produce similar 
outcomes. To date, such comparisons are the closest approximation to what might occur 
following gestational ENM exposure. With current data suggesting that low-level gestational 
exposure to nano-TiO2 aerosols produces detectable behavioral deficits in male rat offspring 
using short-term, relatively simplistic behavioral tasks (Engler-Chiurazzi et al., 2016), use of 
more complex, long-term tasks to probe behavioral phenotypes like those reported following air 
pollution exposures is warranted. Specifically, response inhibition, behavioral flexibility, and 
operant learning in general are commonly used behavioral targets to establish a given 
environmental agent as a neurotoxicant, including developmental exposure to ultrafine or nano-
sized aerosols (Cory-Slechta et al., 2018; Klocke et al., 2018; Morris-Schaffer et al., 2018). 
These assessments are necessary in the continued effort of ENM hazard identification such that 
the safe designs of ENMs can progress.   
 The present series of experiments was aimed at elucidating behavioral impacts of 
gestational exposure to nano-TiO2 aerosols. Nano-TiO2 was used because it is one of the most 
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commonly used commercial ENMs with estimated yearly production of approximately 40,000 
metric tons in 2008, which is expected to continually rise as ENMs gain popularity (Hendren et 
al., 2011; Robichaud et al., 2009). The current approach will use methods commonly 
implemented in the characterization of neurotoxicants to assess lever-press acquisition in the 
context of delayed reinforcement (Experiment 1), perseveration and behavioral flexibility 
(Experiment 2), and response inhibition (Experiment 3). Additionally, given the male-biased 
toxicity of UFP exposures in mice and higher susceptibility of male rodents to neurotoxic insult 
generally (Kern et al., 2017), male and female rat offspring were included in the current study. It 
is hypothesized that gestational exposure to nano-TiO2 aerosols will result in 1) impaired 
response acquisition, 2) increased errors in a discrimination reversal task, 3) inefficient 
responding across a series of DRL schedules, and 4) these impairments will be largely specific to 
male rats. 
Method 
Nanomaterial aerosol characterization  
Nano-TiO2 P25 powder was obtained from Evonik (Aeroxide TiO2, Parsippany, NJ). This 
powder is a mixture containing anatase (80%) and rutile (20%) TiO2, with a primary particle size 
of 21 nm, a surface area of 48.08 m2/g, and a Zeta potential of -56.6 mV (Stapleton et al., 2018). 
The TiO2 powder was stored in a glass desiccator to maintain dryness for aerosolizing. Aerosol 
size distributions were measured during aerosol exposures while TiO2 mass concentration was 
maintained at the target concentration of approximately 12 mg/m3 using: 1) a high-resolution 
electrical low-pressure impactor (ELPI+; Dekati, Tampere, Finland), 2) a scanning mobility 
particle sizer (SMPS 3938; TSI, Inc., St. Paul, MN), 3) an aerodynamic particle sizer (APS 3321; 
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TSI Inc., St. Paul, MN) and 4) a nano micro-orifice uniform deposit impactor (MOUDI 115R, 
MSP Corp, Shoreview, MN).  
Whole-body inhalation exposure 
Inhalation exposures were conducted using a high-pressure acoustical generator (HPAG, 
IEStechno, Morgantown, WV) to produce nano-TiO2 aerosols as previously described 
(Abukabda et al., 2019; See Appendix A for a schematic of the exposure system). After leaving 
the acoustical generator, the aerosols were fed through a Venturi pump (JS-60 M, Vaccon, 
Medway, MA) to further deagglomerate the particles prior to entering the exposure chamber. A 
personal DataRAM (pDR-1500; Thermo Fisher Environmental Instruments, Inc., Franklin, MA) 
was used to sample the exposure chamber air in real-time, and a software controller 
automatically adjusted the acoustic energy to maintain a constant aerosol mass concentration (12 
mg/m3) during exposures. Gravimetric measurements were conducted using Teflon filters in the 
breathing zone of the animals (sample flow = 0.35 L/min). The results of the gravimetric 
measurements were used to report the average aerosol mass concentrations for each day of 
exposure. Sham controls were exposed to HEPA-filtered air, but all other chamber conditions 
(i.e., temperature, humidity) were held constant.  
Four pregnant adult female Sprague-Dawley rats (Hilltop Laboratories; Scottsdale, PA) 
were used to produce litters following inhalation exposures (two nano-TiO2; two air control). 
Rats were housed in AAALAC-approved facilities with ad libitum access to food and water. 
Female rats were monitored for estrus, at which time each female rat was placed with an 
individual male rat. Female rats subsequently were given a vaginal smear every 12 h to verify 
mating via the presence of sperm. Exposures began on GD 11 to allow for uterine implantation 
of the embryo (Stapleton et al., 2013). Pregnant rats were exposed to a target concentration of 12 
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mg/m3 for 6h/day for six days, which was chosen based on previous studies showing 
compromised cardiovascular health and behavioral deficits in rats following similar exposures 
(Engler-Chiurazzi et al., 2016; Stapleton et al., 2018; Stapleton et al., 2013). Daily total lung 
dose of nano-TiO2 aerosols was estimated by accounting for the mass proportion of particles 
deposited in the rat lung (10%), the average volume of air breathed in by a rat per minute (208.33 
cc), the TiO2 mass concentration (12 mg/m
3), and the exposure duration in minutes (360 min) 
(Yi et al., 2013). The cumulative lung dose of the exposure paradigm (6 h/day, 6 days) was 
estimated to be approximately 525 µg (Abukabda et al., 2019). The final exposure occurred 
approximately 48 h prior to pup delivery.  
Subjects 
 Twenty-nine adult male and female Sprague-Dawley rats (Male = 15 [nano-TiO2 = 7; 
control = 8]; Female = 14 [nano-TiO2 = 6; control = 8]) across the four litters (two nano-TiO2; 
two sham control) were used as subjects. After weaning at PND 21, rats were pair-housed within 
exposure groups and sex in a temperature- and humidity-controlled (72°F, 60%) vivarium 
operating on a reverse 12:12 h dark/light cycle. Until PND 60, food and water were freely 
available in the home cage. Starting on PND 60, unless otherwise specified, food was restricted 
to 12-15 g of rat chow per rat per day with water freely available. Rats received this daily 
allotment of food 30 minutes after daily testing resulting in approximately 22 h of food 
restriction prior to sessions. Experimental sessions were conducted five (Experiment 3) or six 
(Experiment 2) days per week at approximately the same time each day during the rats’ dark 
cycle. Additionally, experimental sessions for male and female rats were always conducted in 
separate operant-conditioning chambers. Rats were maintained in accordance with National 
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Institutes of Health guidelines for Care and Use of Laboratory Animals, and the West Virginia 
University Animal Care and Use Committee approved all experimental procedures.  
Apparatus 
Eight standard operant-conditioning chambers for rats were used for data collection, 
each enclosed in a sound-attenuating box (Med Associates, VT). Each chamber contained a 
working area of 30.5 cm X 24.5 cm X 21.0 cm, a grid floor, and a 45-mg pellet dispenser with 
a pellet receptacle centered between two retractable response levers. Levers were spaced 
11.5 cm apart from each other and required at least 0.25 N of force for a response to be 
recorded. The levers were 4.8 cm wide, protruded 1.9 cm into the chamber, and were elevated 
8 cm from the grid floor. One 28-V stimulus light, with a 2.5 cm diameter, was positioned 
approximately 7 cm above each lever. A 28-V houselight was positioned on the wall opposite 
the working area along with a ventilation fan to circulate air and mask extraneous noise. 
Experimental events and data collection were controlled by a desktop computer in an adjacent 
room using Med-PC software. (Med Associates, VT). 
Experiment 1: Response Acquisition with Delayed Reinforcement 
The following experimental protocol was adapted from Anderson and Elcoro (2007).  
 Feeder Training. Prior to the response-acquisition session, feeder training occurred on 
PND 70. Subjects were food restricted for 22 h prior to feeder training. The start of the session 
was signaled by the illumination of the houselight. During this session, response-independent 
food pellets were delivered to the food receptacle according to a variable-time (VT) 60-s 
schedule of reinforcement (Fleshler & Hoffman, 1962). On this schedule, pellets were delivered 
every 60 s on average, independent of responding. A 0.5-s flashing of the houselight signaled 
pellet delivery. Both response levers were retracted during feeder training. Feeder training 
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terminated after 60 pellets were delivered in total. At the end of feeder training, food receptacles 
were checked to ensure all pellets were consumed. All rats consumed all food pellets. 
 Response Acquisition. The 8-h response-acquisition session on PND 72 occurred 
approximately 48 h after feeder training. Session start time was chosen such that all subjects 
were food-restricted for approximately 36 hr. After a 5-min blackout, the acquisition session was 
initiated via illumination of the houselight and insertion of both response levers.  
 During this session, both response levers were extended into the chamber but only one 
lever was active for a given subject counterbalanced across and within groups. That is, the left 
lever was active for half the subjects and the right lever was active for the other half. Responses 
on the active lever were reinforced according to a tandem fixed ratio (FR) 1, fixed-time (FT) 20-
s schedule of reinforcement. On this schedule, an active lever press began a 20-s delay, at the end 
of which a pellet was delivered. This delay was not signaled and was non-resetting (Anderson & 
Elcoro, 2007). Active lever presses during the delay were recorded but had no other programmed 
consequences. Likewise, lever presses on the inactive lever throughout the session were recorded 
but had no other programmed consequences.  
 Data Analysis. The primary dependent measures were pellets earned, active lever 
presses, inactive lever presses, and obtained delay (i.e., the average time between the last active 
lever press and the next pellet delivery) (Anderson & Elcoro, 2007). Lever-press acquisition was 
also characterized qualitatively using cumulative response records (see Appendix B). Data from 
all experiments were analyzed using Statistica software or the R statistical package 
(http://www.r-project.org/). Variables were transformed as appropriate using the Box-Cox 
method such that each measure approximated a normal distribution (Box & Cox, 1964). 
Specifically, logarithmic (log10(x)) transformations were applied to pellets earned, active 
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presses, and inactive presses whereas cubic (x^3) transformations were applied to obtained 
delay. A 2 (exposure) x 2 (sex) mixed analysis of variance (ANOVA) was used for data analysis. 
Significant interactions were followed by Tukey’s Honestly Significant Differences post hoc test. 
Outcomes were considered significant if p < .05.  
Experiment 2: Spatial Discrimination Reversal 
The following experimental protocol is adapted from Paletz et al. (2007) with modification.    
 Alternating Fixed-Ratio (FR) Training. Following Experiment 1, responding was 
established on both levers using an alternating FR procedure. During alternating FR sessions, 
either the left or right lever was extended at any given time. A single press on the extended lever 
produced one food pellet followed by a 10-s intertrial interval (ITI). If a lever press did occur 
within 15 s of lever extension, no pellet was delivered and the ITI began. During the ITI, the 
levers were retracted, and the chamber was darkened. The extended lever alternated sides (left 
vs. right) after every five pellet deliveries. Alternating FR sessions terminated after 60 pellets 
were delivered resulting in 30 total presses on each lever. This phase was in effect for three 
sessions.  
 Spatial Discrimination Reversal (SDR). Following alternating FR training, the SDR 
procedure began at approximately PND 75 for all rats. During SDR sessions, both levers were 
extended into the chamber with one lever designated as “correct” and the other lever as 
“incorrect.”  A single press on the correct lever (left or right, counterbalanced across subjects) 
produced one food pellet followed by a 10-s ITI, and a press on the incorrect lever ended the trial 
and initiated the ITI. Again, if no response occurred within 15 s of lever extension, the trial 
ended and the ITI began. The lever designated as correct remained constant throughout each 
session. Sessions terminated following 60 total trials. The criterion for a discrimination reversal 
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was three consecutive sessions with at least 51 correct responses out of 60 total trials (85% 
correct; Paletz et al., 2007). One exception to this was if the third consecutive session at criterion 
occurred on a Saturday. In this case, a fourth session would occur on the following Monday to 
ensure that the current discrimination was not disrupted by the Sunday break. This extra session 
occurred nine times total in both the nano-TiO2 and control groups. Upon reaching criterion, the 
lever designated as correct switched to the alternative lever, which was not signaled. Four total 
discrimination reversals occurred.   
Data Analysis. Several dependent measures were calculated or recorded to characterize 
SDR performance. These measures included sessions to criterion – numbers of sessions required 
to reach the first session with an 85% accuracy criterion for the original discrimination and each 
reversal, errors – trials ending after an incorrect lever press for each reversal, correct:stay ratio – 
the proportion of trials with a correct lever press that were also followed by a correct lever press, 
incorrect:shift ratio – the proportion of trials with an incorrect lever press that were followed by 
a correct lever press, and response latency – the time between trial initiation and a lever press. 
Various aspects of incorrect response patterns were also assessed including error runs – the 
number of incorrect lever press strings during a session, first-run error – the number of errors in 
the first error run of the session, and error run length – the number of incorrect lever presses per 
“run” (Paletz et al., 2007). For example, the following represents a string of trial outcomes 
during a reversal session: C, C, I, I, I, O, C, I with C = correct, I = incorrect, and O = omission. 
In this example, there are two error runs each containing three errors and one error, respectively. 
The first-run error would be “3” and the error run length be “2.”  Due to logistical issues, two 
control female rats only completed the first reversal. Thus, those subjects were removed from all 
analyses. 
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All data from Experiment 2 except sessions-to-criterion for the original discrimination 
were analyzed using linear mixed-effects regression. Mixed-effects regression is a statistical tool 
being more commonly used by neuroscientists and behavioral researchers, and performs more 
optimally than ANOVA in accounting for individual subject variance across repeated 
observations (Boisgontier & Cheval, 2016; Fox, 2018). Because learning the original 
discrimination is arguably a separate process from learning a new spatial location after a 
reversal, sessions-to-criterion for the original discrimination were analyzed separately using 
independent-samples t tests. For mixed-effects regression analyses logarithmic transformations 
(log10(x)) were applied to sessions to criterion, incorrect responses, and incorrect:shift ratios, 
and cubic transformations (x^3) were applied to correct:stay ratios. All regression models 
allowed both intercept and slope to vary. Analyses were split a priori by sex and between the day 
that each reversal occurred (Session 1) and the day following each reversal (Session 2). This 
latter analysis allowed for an evaluation of learning across reversals after both “acute” exposure 
to the discrimination reversal and after having experienced each reversal for one session. 
Responding during the first three sessions of Reversal 1 and Reversal 2 was also analyzed to 
assess possible behavioral impairment within the reversals that produced most detected deficits. 
Experiment 3: Differential reinforcement of low rate (DRL) 
 Experiment 3 began approximately 60 days following completion of the final reversal in 
Experiment 2. During this 60-day break, all rats remained in the colony room with free access to 
water and the same daily ration of food. Rats began training on the DRL 5-s schedule at 
approximately 6 months of age. On this schedule, responses with interresponse times (IRTs) – 
the time between two responses – shorter than the required 5-s interval reset the IRT timer. Only 
responses with IRTs greater than or equal to 5 s were reinforced. After a 5-min blackout, DRL 
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sessions were initiated by illumination of the houselight and extension of either the left or right 
lever (counterbalanced across subjects). Session duration was set at 60 min. Across a preset 
number of sessions, the DRL schedule value increased. The DRL 5-s schedule was in effect for 
10 sessions, the DRL 10- and 20-s schedules for 15 sessions, and the final DRL 30-s schedule for 
30 sessions. The maximum number of pellets allowed per session was initially set at 150 for all 
sessions of DRL 5 s and the first five sessions of DRL 10 s. Thereafter, the maximum number of 
pellets was set at 60. Two female TiO2-exposed rats were excluded from all DRL analyses due to 
compromised health – one for progressive development of ataxia and the other for an abdominal 
tumor.  
 Data Analysis. To characterize DRL performance, the following dependent measures 
were calculated or recorded: reinforcement rate – reinforcers earned per minute during each 
session, response rate – lever presses per minute during each session, burst responses – the 
number of lever presses that occur less than 2 s after the previous lever press (IRT < 2 s) per 
session, efficiency ratio – the ratio of nonreinforced:reinforced lever presses,  median IRT – the 
median IRT during each session, and modal IRT – the rightward peak in IRTs as indicated by 
IRT distributions from each session, as outlined in Appendix C. To clarify IRT measures, 
median IRT is a measure of general pauses in responding whereas modal IRT is more specific to 
the timing of the DRL interval.   
 Similar to Experiment 2, data from Experiment 3 were stratified by Sex, and analyzed 
using either linear/nonlinear mixed-effects regression or repeated measures ANOVA. For all 
linear regressions, variables were transformed as appropriate using the Box-Cox method. 
Specifically, logarithmic (log10(x)) transformations were applied to reinforcement rate, response 
rate, burst responses, and efficiency ratios, and square-root (√x) transformations were applied to 
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median and modal IRTs. All linear regressions allowed intercept and slope to vary. Within a 
given DRL schedule, if a set of data paths had a characteristic form other than linear, then 
nonlinear regression was used. One exception to this was data from the DRL 5-s schedule, which 
was analyzed using linear mixed-effects regression due to missing data from equipment 
malfunction. One of two equations was used depending on the shape of the data path across 
sessions. Equation 1 was a hyperbolic decay model defined as:  
 𝑦 =
𝑎
1+𝑥(𝑆)
                                                    (1) 
where a represents the y-intercept or the Session 1 value, x represents the slope or rate of 
decrease across sessions, and S represents successive sessions for a given DRL schedule. 
Equation 2 was a power function defined as:  
𝑦 = 𝑎(𝑆𝑥)                                                    (2) 
where the parameters a and S are similar to Equation 1 and x represents the rate of increase 
across sessions. Whenever possible, both a and x were allowed to vary for each subject for 
Equations 1 and 2. When failures to fit the two-parameter model occurred, the value of a was set 
to the mean of the Session 1 value for each group and x was allowed to vary for each subject. 
Failures of the two-parameter model typically occurred due to between-subject variability in 
Session 1 values. All nonlinear analyses used raw, non-transformed data.  
 Transitions between each DRL schedule were analyzed using a 2 (Exposed:Control) x 2 
(last:first DRL session) repeated-measures ANOVA. Specifically, the last session of each DRL 
schedule was compared to the first session of the subsequent DRL schedule. Session served as 
the within-subjects factor and exposure group served as the between-subjects factor.   
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Results 
Nano-TiO2 aerosol exposure characterization  
 Data obtained from sampling the nano-TiO2 aerosol during exposures are depicted in 
Figure 1. Particle agglomerates tended to be approximately in the nanometer range (Fig. 1A). 
Median particle diameter was estimated using four different methods. MOUDI measurements 
indicated a median aerodynamic diameter of 1.08 µm with a geometric standard deviation (GSD) 
of 2.13 (Fig. 1B). ELPI measurements indicated a count median diameter of 156 nm with a GSD 
of 1.70 (Fig. 1C). SMPS and APS data were combined to yield an additional measure of count 
median diameter indicating a count median diameter of 184 nm with a GSD of 2.01 (Fig. 1D). 
The real-time concentration measures from an average 6-h exposure session typically 
approximated the target concentration of 12 mg/m3 (Fig. 1E). Gravimetric mass concentrations 
across the six, 6-h exposure sessions are shown in Fig. 1F. Across the six exposure days, four 
days approximated the target concentration whereas two exposure days were lower than target 
concentration. On the four days of target concentration exposure, rats 23X and 25X were 
exposed to average concentrations of 12.13 ± 0.27 mg/m3 and 11.69 ± 0.14 mg/m3, respectively. 
On the two days of unintended reduced mass concentrations, the pregnant rats were exposed to 
an average concentration of 4.99 ± 0.11 mg/m3.  
Experiment 1: Response Acquisition 
All statistical outcomes for Experiment 1 can be found in Table 1. 
 During feeder training, each rat consumed all 60 food pellets within the session. Thirty-
six hours after feeder training, the 8-h response acquisition session occurred. Overall, response 
acquisition was variable within groups (see Appendix B for individual cumulative records). Due 
to this variability, data were analyzed two ways. First, regardless of response characteristics, all 
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rats were included for statistical analysis. Second, only rats that earned more than 20 pellets 
during the session were included (range = 4-351 pellets across all rats). This 20-pellet criterion 
was arbitrary and was chosen primarily to allow at least two rats in each group in the 2 x 2 
ANOVA.   
 Figure 2 shows pellets earned, obtained delay, active lever responses, and inactive lever 
responses from the response acquisition session including all rats. While there was no effect of 
nano-TiO2 exposure for any measure (all p’s > 0.44), males earned fewer pellets (F[1,27] = 5.61, 
p = 0.025; Fig. 2A) and had fewer active (F[1,27] = 6.04, p = 0.02; Fig. 2C) and inactive 
responses (F[1,27] = 7.76, p < 0.01; Fig. 2A). There was also a Group × Sex interaction for 
obtained delays (F[1,27] = 7.03, p = 0.013; Fig. 2B). However, post-hoc tests were 
nonsignificant (all p’s > 0.1).  
 Figure 3 shows the same data as in Figure 2 but only for rats that earned at least 20 
pellets during the acquisition session. For pellets earned, there was a Group × Sex interaction 
(F[1,27] = 5.65, p = 0.035; Fig. 3A). Post-hoc tests indicated that, in this subset of rats, nano-
TiO2-exposed males earned fewer pellets than control males (p = 0.032). A Group × Sex 
interaction was also present for active lever responses (F[1,27] = 8.31, p = 0.014; Fig. 3C). Post-
hoc tests revealed that, similar to pellets earned, TiO2-exposed males had fewer active lever 
responses than control males (p = 0.039). For obtained delay, there a significant Group × Sex 
interaction (F[1,27] = 8.31, p = 0.014; Fig. 3B), but post hoc tests were nonsignificant (all p’s > 
0.1). Inactive lever responses were not different between groups or sexes (all p’s > 0.37).  
Experiment 2: Spatial Discrimination Reversal 
All statistical outcomes for Experiment 2 can be found in Tables 2 and 3. 
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Once responding to both levers had been established, spatial discrimination training 
began. When a given rat completed three consecutive sessions at ≥ 85% accuracy, the correct 
lever changed from the left to right or right to left until four total reversals occurred across 
sessions. Figure 4 shows the number of sessions required to reach 85% accuracy during the 
original discrimination and across reversals, total errors, and response latencies across reversals. 
Overall, nano-TiO2-exposed males (M = 2.37, SEM = 0.18) required more sessions to reach 85% 
accuracy during the original discrimination compared to control males (M = 1.71, SEM = 0.17) 
(t[13]= 2.53, p = 0.025; Fig. 4G) with no difference observed in females (t[12]=0.89, p = 0.38). 
There were no group differences in sessions to criterion across reversals for either sex (p’s > 
0.064; Fig. 4A/B).  
On Session 1 of each reversal, errors decreased across reversals, but there was no 
difference between groups for male (p’s > 0.47; Fig. 4C) or female rats (p’s > 0.068; Fig. 4D). 
Response latencies were also not significantly different between groups, although, shorter 
latencies observed in nano-TiO2-exposed males approached significance (p = 0.059; Fig. 4E), 
which was evident not in females (p = 0.78; Fig. 4F). For error patterning analyses, males 
exposed to nano-TiO2 again showed nearly significant fewer error runs during Reversal 1 (p = 
0.06), but also had shallower slopes relative to control males (ß = 0.48, t = 2.45, p = 0.018; Fig. 
5A) without similar effects in females (p’s > 0.09; Fig. 5B). There were no group differences for 
either sex in first-run error (male: p’s > 0.49; Fig. 5C; female: p’s > 0.97; Fig. 5D). Unlike error 
runs, nano-TiO2-exposed males showed nearly significant increases in Reversal 1 error run 
lengths relative to control males (ß = 1.12, t = 1.95, p = 0.056; Fig. 5E) with no difference in 
slope (p = 0.1), which was not evident in females (p’s > 0.86; Fig. 5F). Trial-by-trial analyses 
also showed few differences between exposure groups for both sexes. Across reversals, Session 
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1 correct:stay ratios were equivalent in males (p’s > 0.18; Fig. 6A). Nano-TiO2-exposed females 
showed nearly significant increased correct:stay ratios during Reversal 1 (p = 0.066) but did 
show shallower slopes relative to control females (ß = -0.34, t = 2.15, p = 0.037; Fig. 6B). No 
differences were detected for incorrect:shift ratios during Session 1 across reversals for either sex 
(p’s > 0.14; Fig. 6C/6D).  
On Session 2 of each reversal, male-specific impairments were more apparent. Nano-
TiO2-exposed males had slightly more total errors during Reversal 1 relative to control males (ß 
= 1.19, t = 2.2, p = 0.03; Fig. 7A) and steeper slopes indicating that responding approached 
controls levels across reversals (ß = -0.39, t = 2.17, p = 0.03; Fig. 7A). No differences were 
detected in females (p’s > 0.38; Fig. 7B). Similar to trends observed during Session 1 reversals, 
TiO2-exposed males showed consistently shorter response latencies relative to control males (ß = 
-1.73, t = 3.65, p = 0.001; Fig. 7C), and TiO2-exposed male latencies remained constant across 
reversals whereas control male latencies decreased (ß = 0.32, t = 3.3, p = 0.002; Fig. 7C). 
Females did not show any consistent differences in response latencies (p = 0.31), although TiO2-
exposed females showed slightly steeper slopes than control females (ß = -0.24, t = 2.08, p = 
0.044; Fig. 7D). There were no group differences in error runs for males (p’s > 0.7; Fig. 8A) or 
females (p’s > 0.57; Fig. 8B). First-run errors, however, were significantly higher in nano-TiO2-
exposed males during Reversal 1 (ß = 1.47, t = 2.62, p = 0.01; Fig. 8C) and decreased across 
reversals (ß = -0.46, t = 2.31, p = 0.025; Fig. 8C). No differences in first-run errors were detected 
in females (p’s > 0.82; Fig. 8D), although a transient increase was observed in TiO2-exposed 
females during Reversal 2. Nano-TiO2-exposed males also showed higher error run lengths 
during Session 2 of the first reversal as well (ß = 1.26, t = 2.11, p = 0.039; Fig. 8E) and 
decreased across sessions (ß = -0.46, t = 2.34, p = 0.023; Fig. 8E), which was likely due to 
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differences in first-run error. No differences in error run lengths were detected in females (p’s > 
0.87; Fig. 8F). Similarly, no group differences were detected in Session 2 correct:stay ratios 
(male: p’s > 0.08; Fig. 9A; female: p’s > 0.13) or incorrect:shift ratios (male: p’s > 0.063; Fig. 
9C; female: p’s > 0.55; Fig. 9D).  
Because behavioral impairment was primarily driven by the first and second reversals, 
responding during the first three sessions of the first two reversals was also analyzed to assess 
within-reversal behavioral adjustment. This analysis was limited to the first three sessions to 
avoid reductions in statistical power due to floor effects (Morris-Schaffer et al., 2018). During 
Reversal 1, no group differences were detected across sessions for either sex in total error (p’s > 
0.45; Fig. 10A/B), correct:stay ratios (p’s > 0.13; Fig. 10C/D), or incorrect:shift ratios (p’s > 
0.11; Fig. 10E/F). Similarly, no differences were detected across sessions for either sex in error 
runs (p’s > 0.086; Fig. 11A/B) or first-run error (p’s > 0.24; Fig. 11C/D). However, nano-TiO2-
exposed males showed higher error lengths during Session 1 of Reversal 1 (ß = 1.08, t = 2.4, p = 
0.022; Fig. 11E), which was not evident in females (p = 0.84; Fig. 11F). Responding across 
sessions during Reversal 2 also showed negligible evidence of impairment between groups. 
There were no group differences for either sex in Reversal 2 total error (p’s > 0.17; Fig. 12 A/B) 
or incorrect:shift ratios (p’s > 0.14; Fig. 12 E/F). Differences between TiO2-exposed and control 
males for correct:stay ratios during Session 1 approached significance (ß = -1.02, t = 1.96, p = 
0.056; Fig. 12C), which was not evident in females (p = 0.99; Fig. 12D). Again, there were no 
group differences detected across sessions for either sex in error runs (p’s > 0.22; Fig. 13A/B), 
first-run error (p’s > 0.49; Fig. 13C/D), or error run length (p’s > 0.4; Fig. 13E/F).  
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Experiment 3: DRL 
All statistical outcomes for Experiment 3 can be found in Tables 4 (linear regressions), 5 
(nonlinear regressions), 6 (DRL transition – male), and 7 (DRL transition – female) 
DRL 5-s schedule. Following a 60-day break from behavioral testing, rats were trained to 
respond on a DRL 5-s schedule. Overall, responding readily adapted to the contingencies of the 
DRL 5-s schedule in both groups. Figure 14 shows reinforcement rate, response rate, and burst 
responses for male and female rats across the 10 sessions of DRL 5 s. Overall, reinforcement 
rates slightly increased (males) or remained constant (females) across sessions. Response rates 
did not change systematically across sessions for either sex, and burst responses sharply 
decreased after the first session and remained constant thereafter. There were no significant 
differences between groups for any dependent measure (all p’s > 0.11; Fig. 14A-F). Figure 15 
shows efficiency ratios, median IRT, and modal IRT across sessions for DRL 5. Again, as 
expected, responding become more efficient and pauses in responding approximated the DRL 5-
s interval across sessions. No group differences were found for either sex in efficiency ratios or 
IRT measures (all p’s > 0.25; Fig. 15A-F).  
DRL 10-s schedule. After 10 sessions of the DRL 5-s schedule, a DRL 10-s schedule began the 
following session with no signal to subjects. Figure 16 shows reinforcement rates, response rates, 
and burst responses across the 15 sessions of DRL 10 s. Recall that 150 pellets could be earned 
during the first five sessions, which was reduced to 60 pellets for the remaining 10 sessions. Like 
the DRL 5-s schedule, responding adapted to the DRL 10-s schedule in both groups, but in a 
more progressive manner. No differences were found between exposure groups for 
reinforcement rates or response rates for either sex (p’s > 0.09; Fig. 16A-D). Burst responses 
decreased and became less variable following the reduction in maximum pellets at Session 6; 
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thus, linear regressions were used to analyze burst responses both before and, separately, after 
this change. Burst responses were not different between groups at either time point (all p’s > 
0.12; Fig. 16E/F). Figure 17 shows efficiency ratios and IRT measures across sessions during 
DRL 10. Efficiency ratios in both exposure groups decreased at similar rates and stabilized to 
similar levels after approximately five sessions (p = 0.86; Fig. 17A/B). Similarly, median IRTs 
increased across sessions with no effect of nano-TiO2 exposure (Fig. 17C/D). In contrast to 
median IRT, nano-TiO2-exposed males had steeper slopes in modal IRT relative to controls (t = 
2.33, p = 0.02; Fig. 17E) suggesting a mild overestimation of the 10-s DRL interval, which was 
not evident in females (p = 0.17).  
DRL 20-s schedule. After 15 sessions of the DRL 10-s schedule, a DRL 20-s schedule began the 
following session and was in effect for 15 sessions. Figure 18 shows reinforcement rates, 
response rates, and burst responses across sessions for the DRL 20-s schedule. Overall, 
reinforcement rates increased, and response rates and burst responses decreased across sessions.  
No group differences were detected for either sex in reinforcement rates or response rates (p’s > 
0.23; Fig. 18A-D). Nano-TiO2-exposed males, however, did show slightly shallower slopes in 
burst IRTs across sessions relative to control males (ß = 0.02, t = 2.36, p = 0.034; Fig. 18E) 
suggesting elevated burst responses with no such effect in females (p = 0.51; Fig. 18F). Figure 
19 shows response efficiency and IRT measures across sessions during the DRL 20-s schedule. 
In both males and females, efficiency ratios decreased rapidly whereas median and modal IRT 
approached the 20-s criterion gradually. No group differences were detected for either sex in 
efficiency ratios (p’s > 0.26; Fig. 19A/B) or modal IRT (p’s > 0.62; Fig. 19E/F). Interestingly, 
nano-TiO2-exposed males showed slightly shallower slopes in median IRT across sessions 
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relative to control males (ß = -0.06, t = 2.23, p = 0.04; Fig. 19C) without a similar effect in 
females (p = 0.28; Fig. 19D).  
DRL 30-s schedule. Following the DRL 20-s schedule, a DRL 30-s schedule began the 
following session and was in effect for 30 sessions. To allow for similar comparison to outcomes 
of previous DRL schedules, the first 15 sessions of DRL 30 s were analyzed in addition to all 30 
sessions. Figure 20 shows reinforcement rates, response rates, and burst responses across DRL 
30 s sessions. Like the previous DRL schedules, reinforcement rates increased, and response 
rates and burst responses decreases across sessions. During the first 15 sessions, there was no 
difference in reinforcement rates between TiO2-exposed and control females. There was, 
however, a near-significant difference in slopes between nano-TiO2-exposed and control males 
for reinforcement rate (ß = -0.06, t = 2.12, p = 0.054; Fig. 20A) during the first 15 sessions 
possibly highlighting the continued increase in reinforcement rates in control males while rates 
for TiO2-exposed males flattened. Response rates during the first 15 sessions nearly mirrored the 
trends in reinforcement rate for both sexes, but group comparisons were nonsignificant (all p’s > 
0.1; Fig. 20C/D). Similarly, burst responses were not different between groups for either sex (all 
p’s > 0.26; Fig. 20E/F). Across all 30 sessions, no differences were found in reinforcement rates 
or burst responses for either males or females (all p’s > 0.23; Fig. 20 A/B/E/F). Interestingly, 
nano-TiO2-exposed males had shallower slopes in response rate than control males across all 
DRL 30 s sessions (t = 2.15, p = .035; Fig. 20C) but not females (p = 0.57; Fig. 20D). High 
response rates are counterproductive on a DRL schedule; thus, this suggests disrupted response 
inhibition in nano-TiO2-exposed males.  
 Figure 21 shows response efficiency and IRT measures across sessions for DRL 30 s. In 
males, unreinforced:reinforced response ratios decreased and IRT measures increased steadily 
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across sessions. In contrast, these measures for females changed abruptly (efficiency ratios and 
median IRT) during the first several sessions or approximated asymptotic performance from the 
onset of the DRL 30-s schedule (modal IRT). During the first 15 sessions, nano-TiO2-exposed 
males and females had shallower and steeper slopes, respectively, in efficiency ratios (male: t = 
2.61, p = 0.02; female: t = 2.75, p = 0.006; Fig. 21A/B) indicating inefficient responding relative 
to control rats. It is important to note, again, that group differences observed in males were not 
evident from the onset of DRL 30 s – differences emerged as sessions progressed. For females, 
group differences were driven by inefficient responding in TiO2-exposed rats during the first two 
sessions but approximated control levels thereafter. There were no group differences in median 
or modal IRTs during the first 15 sessions of DRL 30 s for either sex (all p’s > 0.11; Fig. 21C-
F). Across all 30 sessions, there were no group differences observed in response efficiency or 
IRT measures. The lack of group differences in response efficiency across all sessions likely 
reflects detected differences during the first 15 sessions subsiding as sessions progressed.  
DRL transitions. In addition to session-by-session analyses of DRL responding, transitions 
between the different DRL schedules were also assessed by comparing the last session of each 
DRL schedule to the first session of the subsequent DRL schedule. Figure 22 shows 
reinforcement rate, response rate, and burst responses for each DRL transition. There were no 
differences between groups for either sex on these measures of DRL transitions (all p’s > 0.13; 
Fig. 22A-F). Figure 23 shows response efficiency and IRT measures for each DRL transition. 
Overall, there were no differences between control and TiO2-exposed males for any of these 
measures (all p’s > 0.15). There was a significant DRL x Group interaction for modal IRT during 
the transition from the DRL 10 to DRL 20 (F[1,13] = 5.62, p = 0.03; Fig. 23E), but post hoc tests 
did not reveal any significant comparisons. Similarly, no differences were detected in females for 
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either efficiency ratios or median IRT (all p’s > 0.07; Fig. 23B/D). There was, however, a 
significant DRL x Group interaction for modal IRT during the transition from DRL 5 to DRL 10 
for females (F[1,12] = 4.9, p = 0.046; Fig. 23F). Post hoc tests revealed that modal IRT in nano-
TiO2-exposed females increased from the last session of DRL 5 s to the first session of DRL 10 s 
with no change in modal IRT detected in control females. 
Discussion 
Overview of findings  
The aim of the present series of experiments was to evaluate behavioral impairment in 
adult male and female rats following gestational exposure to nano-TiO2 aerosols. Behavioral 
flexibility and response inhibition served as primary behavioral targets, with acquisition of an 
operant response in a delayed-reinforcement context serving as a novel extension of previous 
work. Accordingly, this is the first reported study to date evaluating effects of maternal nano-
TiO2 inhalation on impairment of operant behavior in adult offspring. Furthermore, the nano-
TiO2 exposure regimen was selected to model, insofar as possible, a more realistic exposure 
route and dose relative to previous work on ENM neurotoxicity.  
Collectively, although no exposure-related differences were found in response acquisition 
(Exp. 1), male-specific deficits in nano-TiO2-exposed rats were detected in both the spatial 
discrimination (Exp. 2) and DRL tasks (Exp. 3), which partially mirror previous findings of 
developmental UFP exposures in mice (Cory-Slechta et al., 2018; Morris-Schaffer et al., 2018). 
These deficits also were not initially apparent but emerged following continued experience with 
the given tasks. For example, the first day of each discrimination reversal produced disruptions 
in responding to an equal extent in both exposure groups. However, on the day following each 
reversal, responding in nano-TiO2-exposed males continued to be disrupted via increased errors, 
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which were likely driven by the first two reversals. Similarly, no systematic differences in DRL 
responding were evident until the final DRL 30-s schedule. Increased response rates and 
inefficiency ratios were primarily evident during the first 15 sessions, which approximated 
control levels as sessions progressed.  
Lack of impairment in response acquisition with delayed reinforcement 
 Overall, results from the response acquisition experiment did not reveal any consistent 
exposure-related deficits. This lack of exposure effect was primarily due to variability in air-
exposed males rather than nano-TiO2-exposed males. For example, two control males earned 
over 190 pellets while no nano-TiO2-exposed males earned over 40 pellets. Variability was 
relatively consistent between female exposure groups. The 20-s unsignaled delay likely was the 
primary variable driving this inconsistent pattern in response acquisition. Visual inspection of 
cumulative records generated from the 8-h acquisition session underscores this heterogeneity of 
acquisition (see Appendix B). This delay was chosen to mirror a previous study that used the 
same procedure to highlight acquisition differences between Lewis and Fischer 344 rats 
(Anderson & Elcoro, 2007), rat strains which differ in basal dopamine receptor density in brain 
regions critical for goal-directed behavior (e.g., the striatum and nucleus accumbens) (Flores, 
Wood, Barbeau, Quirion, & Srivastava, 1998; Sánchez-Cardoso et al., 2009). In mice, gestational 
exposure to high-dose nano-TiO2 increased dopaminergic tone in prefrontal cortex regions 
including the striatum six weeks after birth (Takahashi et al., 2010), but it is unclear if the 
exposure regimen used in the current study perturbs dopamine in a similar manner in rats or if 
such perturbation would impact response acquisition in a delayed reinforcement context.  
 An array of methods has been used to determine environmental and biological 
determinants of response acquisition in a delayed reinforcement context. For example, the delay 
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interval between response and reinforcement can be signaled or unsignaled, responding during 
the delay interval can reset the delay or have no effect upon the delay, reinforcer magnitude or 
food restriction can be manipulated, acquisition can be measured across multiple sessions or one 
extended session, or, other variables being constant, psychoactive drugs may be administered 
prior to the acquisition session (Doughty, Galuska, Dawson, & Brierley, 2012; Lattal & 
Williams, 2006; Lattal & Gleeson, 1990; LeSage, Byrne, & Poling, 1996; Wilkenfield, Nickel, 
Blakely, & Poling, 1992). In general, robust establishing operations (e.g., adequate food 
restriction) coupled with short delays that are signaled and nonresetting tend to facilitate 
acquisition relative to long, unsignaled delays during which responses reset the delay 
(Wilkenfield et al., 1992). Thus, in selecting reinforcement parameters in the context of 
neurotoxicity testing, as in the current study, it is optimal to have an effective balance between 
the reinforcement delay being so salient and immediate that all rats acquire responding and the 
delay being so inconspicuous and extended that no rats acquire responding. Interestingly, a 
parametric analysis of nonresetting delays of 0, 4, 8, and 16 s during an 8-h response acquisition 
similar to that used here showed a positive relation between reinforcement delay and acquisition 
suggesting that longer delays do not necessarily preclude consistent acquisition between subjects 
(Wilkenfield et al., 1992). Nonetheless, the current study suggests that a 20-s nonresetting delay 
may lead to inconsistent response acquisition to the extent that conclusions regarding toxicant 
exposure, or even drug administration, are tentative at best. Future studies using this procedure 
should consider the interaction of the reinforcement parameters mentioned above prior to 
investigating this relatively understudied aspect of operant behavior.  
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Impairment in reversal learning 
In the current study, nano-TiO2-exposed males, but not females, displayed deficits in 
discrimination reversal learning. In addition to requiring more sessions to reach the mastery 
criterion during original discrimination training, nano-TiO2-exposed males had increased error, 
shorter response latencies, and increased first-run error during Session 2 of the first reversal with 
these effects diminishing across reversals. It is interesting to note that no differences were found 
in these measures during Session 1 of each reversal, or the day the contingencies reversed, but 
emerged the following day. Most studies using discrimination reversals to assess neurotoxicity 
primarily plot performance across reversals only for the session in which contingencies reversed 
(i.e., Session 1; Paletz et al., 2007; Reed et al., 2006; Widholm, Seo, Strupp, Seegal, & Schantz, 
2003). Analyses of Session 2 were included in the present study to determine if gestational nano-
TiO2 exposure may affect the extent to which rats “remember” the change in reinforcement 
contingencies. In this regard, Session 1 may be interpreted as a measure of behavioral flexibility 
whereas Session 2 could be considered as a stimulus control or “memory” test. Importantly, first-
run errors, but not total error runs or correct:stay ratios, were elevated in nano-TiO2-exposed 
males indicating that responding perseverated on the incorrect lever at the beginning of the 
session, then switched to the correct lever as the session progressed. This finding suggests that 
the prior experience of the reversal (i.e., Session 1) in nano-TiO2-exposed males was not 
sufficient to maintain that discrimination the following session. This effect was also not likely 
due to any motivational disruption as response latencies were much shorter in nano-TiO2-
exposed male rats relative to control male rats.  
The observed effects of nano-TiO2 exposure on reversal learning are interesting for at 
least two reasons. First, despite detecting greater total errors and first-run error during Session 2 
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of the first reversal, it could be argued that the rats in the current study had more experience 
pressing both response levers prior to discrimination reversals relative to previous studies using 
similar procedures. This is largely due to 1) the response acquisition session and 2) the 
alternating-FR training. In the majority of multi-experiment evaluations of behavioral 
impairment, discrimination learning is the first experiment conducted because of its sensitivity to 
reinforcement history (Paletz et al., 2007; Reed et al., 2006; Rice, 1998). The current study, 
however, required naïve rats for the initial acquisition experiment so some experience pressing 
levers prior to discrimination training was unavoidable. Also, in other studies, shaping of lever 
pressing to the spatially distinct levers also tends to occur during separate training sessions. For 
example, 100 presses on the left lever one day and 100 presses on the right lever the next day 
(Rice, 1998). If responses to different spatial locations are required within the same session prior 
to the discrimination training proper, then it typically involves trial-initiation chains such as 
pressing a rear panel lever to produce the left or right front lever (Reed et al., 2006). To eliminate 
any potential lever bias from the acquisition experiment, rats in the current study received three 
consecutive sessions of alternating-FR sessions in which responses were required to alternate 
between the right and left levers every five reinforcers. It is plausible that this training increased 
the likelihood of switching to the alternative lever following periods of extinction during reversal 
sessions or otherwise masked an even greater exposure effect in nano-TiO2-exposed rats. 
Although, reversal learning deficits following gestational exposure to other environmental 
contaminants have been reported after similar alternating-FR training protocols (Widholm et al., 
2003). One possible challenge to this interpretation is that, in the current study, Session 1 
discrimination errors during the first reversal occurred on approximately 75% of trials for both 
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groups suggesting equally high insensitivity to reversed reinforcement contingencies during that 
session. 
Second, these data align with previous studies showing that gestational toxicant exposure 
may preferentially affect reversal learning (i.e., intradimensional shifts). Similar to behavioral 
outcomes of UFP-exposed mice reported by Morris-Schaffer and colleagues (2018), nano-TiO2-
exposed male rats, and not female rats, in the current study showed impaired learning of the 
initial discrimination prior to reversals via increased sessions to criterion. Discrimination 
reversals, however, did not reveal differences between postnatal UFP-exposed and control mice, 
which were evident in rats following gestational nano-TiO2 exposure in the current study. 
Morris-Schaffer et al. (2018) reported deficits in UFP-exposed male mice only following 
extradimensional shifts, which require an attentional shift to another stimulus modality. That is, 
neonatal UFP aerosol exposures preferentially affected extradimensional shifts whereas, in the 
current study, gestational nano-TiO2 aerosol exposures affected discrimination reversals. While 
the present study did not assess extradimensional shifts, similar patterns of results have been 
observed following gestational vs. adolescent exposure to methylmercury (MeHg) in which 
postnatal exposure affects extradimensional shifts and gestational exposure affects reversal 
learning or intradimensional shifts (Boomhower & Newland, 2017; Paletz et al., 2007). Separate 
areas of the prefrontal cortex (PFC) control behavioral adjustment to intradimensional and 
extradimensional shifts, respectively. Specifically, lesions to the orbitofrontal PFC disrupt 
reversal learning whereas lesions to the medial PFC disrupt extradimensional shifts, which has 
been shown in both monkeys (Dias et al., 1996) and rats (McAlonan & Brown, 2003). Given that 
extradimensional shifts were not assessed in the current study, it is unclear if the deficits detected 
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in reversal learning would carry over to or be independent of impaired extradimensional shift 
learning.  
Response inhibition impairment 
 Male-specific deficits in response inhibition observed in rats in the current study also 
align with previous data on male mice exposed to UFP during the neonatal window (Cory-
Slechta et al., 2018). In mice, increased response rates and decreased response efficiency 
observed following UFP exposure were primarily present upon transitioning from a short DRL 
schedule to a longer DRL schedule (Cory-Slechta et al., 2018). This “transition” effect has also 
been observed in rats exposed during gestation to MeHg after transitioning from a FR 5 schedule 
to a DRL 10-s schedule (Paletz et al., 2006). Similar response characteristics were disrupted in 
nano-TiO2-exposed males in the current study, but, importantly, these effects were observed as 
sessions progressed rather than at DRL transition points. A similar study found that extended 
perinatal exposure to UFP in rats decreased total reinforcers earned on a DRL 5-, but not a DRL 
10- or 20-s schedule; although, this effect was due to decreased responding overall and not 
response efficiency, per se (Woodward et al., 2018). In the current study, increased response 
rates and decreased response efficiencies observed on the DRL 30-s schedule suggest an 
insensitivity to the increasingly difficult DRL interval as opposed to motivational or motoric 
deficits. Furthermore, the latent emergence of these deficits also partially mirrors the primary 
findings of Experiment 2 in which reversal learning deficits were detected primarily during 
Session 2 of each reversal rather than the session in which contingencies reversed. 
 The impairments detected on the DRL 30-s schedule suggest a deficit in “impulse 
control” or an inability to withhold responding generally rather than interval timing, specifically. 
That is, higher response rates and response inefficiency coupled with a lack of differences in 
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modal IRT may highlight an overall propensity to respond early rather than inaccurate or 
imprecise discrimination of the DRL interval. In addition to median IRT, modal IRT – in this 
case, defined as the most frequently occurring class of IRTs in the rightward peak of IRTs from 
IRT histograms – was included to provide a more direct measure of interval timing. On DRL 
schedules, it is common to observe a bimodal IRT distribution in which a high number of 
“within-bout” IRTs are observed in IRT bins shorter than 2-3 seconds, then IRT frequency drops 
sharply and begins to rise again as “between-bout” IRTs start approximating the criterion DRL 
interval (Eckard & Kyonka, 2018; Richards, Sabol, & Seiden, 1993). The rightward mode of 
IRTs is then typically considered a measure of timing accuracy to the extent that it aligns with 
the DRL criterion, and timing precision is represented by the width of the IRT peak around the 
criterion time (Richards et al., 1993). In the present study, neither nano-TiO2-exposed males nor 
females deviated from air-exposed controls with respect to modal IRT. From the response 
efficiency and median IRT data, it is plausible that nano-TiO2-exposed males may have had 
wider IRT distributions relative to control males; however, quantification of this IRT distribution 
peak width on a DRL schedule is less standardized than precision-related measures from other 
timing tasks (e.g., peak-interval procedure; Catania, 1970; Eckard & Kyonka, 2018). A more 
formal method for dissociating response inhibition from interval timing processes generally may 
involve using tasks specific to one or the other process. For example, the 5-choice serial reaction 
time task has been used extensively to evaluate response inhibition or “impulse control” and 
attentional processes specifically (Pattij, Janssen, Vanderschuren, Schoffelmeer, & van Gaalen, 
2007; Robbins, 2002). Similarly, one might use a peak-interval (Eckard & Kyonka, 2018; 
Catania, 1970) or temporal bisection task (Cheng, Etchegaray, & Meck, 2007; Church & Deluty, 
1977) to probe prospective or retrospective timing processes, respectively, more effectively 
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relative to a DRL schedule. In this regard, the DRL schedule could be viewed as a useful tool for 
identifying the presence or absence of neurobehavioral disruption with more refined tasks 
determining the specific behavioral mechanism(s) involved in the disruption. Overall, the current 
data warrant further investigation into the dissociation between impulsivity and timing-related  
deficits following gestational nano-TiO2 exposure.  
Possible neural mechanisms 
 The behavioral impairment detected in reversal learning and DRL-schedule performance 
in the current study reflects mounting evidence of disrupted neurological development following 
perinatal exposure to nano-TiO2. For example, nano-TiO2 (100 mg/kg, po) exposure throughout 
gestation decreased cell proliferation in the hippocampus of rat offspring, which aligned with 
spatial memory deficits in a Morris water maze task (Mohammadipour et al., 2014). In fact, 
hippocampal dysfunction (e.g., decreased cell proliferation, inhibited dendrite outgrowth, 
oxidative stress, loss of NMDA receptors) is the most frequently reported neurological outcome 
following gestational nano-TiO2 exposure in rats and mice (Cui et al., 2014; Gao et al., 2011; 
Hong et al., 2018; Mohammadipour et al., 2014; Zhou, Ji, Chen, & Hong, 2019; Zhou, Ji, Hong, 
Zhuang, & Wang, 2019) – effects which are associated with spatial memory deficits or increased 
anhedonia in some instances (Cui et al., 2014; Mohammadipour et al., 2014). Similar disruptions 
in overall hippocampus morphology are also present following extended perinatal exposure to 
concentrated air pollution (Fonken et al., 2011). It is important to note, however, that most of 
these studies assessed neurological outcomes as early as PND 2 up to PND 70, the latter of 
which partially aligns with reversal learning in the current experiment (PND 80-100), but not the 
various DRL schedules (>PND 180).  
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It is hypothesized that nano-TiO2 induces neurotoxic effects through oxidative stress 
mechanisms (Cui et al., 2014; Long et al., 2007) possibly initiated by increases in extracellular 
glutamate (Hong et al., 2015). Interestingly, postnatal UFP exposure in mice also produces 
increases in glutamate levels in the striatum and the hippocampus of male mice, which is 
associated with increased microglial inflammatory markers in the cortex (Allen, Liu, Weston, 
Conrad, et al., 2014; Allen, Liu, Weston, Prince, et al., 2014). The hippocampus is particularly 
vulnerable to glutamate excitotoxicity due to its high density of glutamate receptors (Mehta, 
Prabhakar, Kumar, Deshmukh, & Sharma, 2013; Shinohara, 2012). Increased glutamate 
signaling produces prolonged elevations in intracellular Ca2+, which in turn activates apoptotic 
signaling cascades eventually leading to inflammation and cell death (Randall & Thayer, 2018; 
Sattler & Tymianski, 2000). Indeed, increases in intracellular Ca2+ and oxidative stress markers 
in cultured rat hippocampal neurons have been observed following incubation with nano-TiO2 
suspensions (Hong et al., 2015). Similarly, exposure to UFP aerosols increases proinflammatory 
cytokines (i.e., IL-1B, IL-6) up to PND 55 in the brains of male mice, which is preceded by 
increased hippocampal glutamate concentrations at PND 14 (Allen, Liu, Pelkowski, et al., 2014). 
Thus, there appears to be a relation between ultrafine or nano-particulate exposure and 
hippocampal excitotoxicity via glutamate overproduction, which may underlie behavioral 
impairment following neonatal or gestational exposure to nano-TiO2 and other ultrafine aerosols.  
 Damage to hippocampal circuits can manifest in behavioral measures similar to those 
used in the current study, specifically DRL-schedule performance and discrimination learning 
generally. In rats and mice, hippocampal lesions routinely disrupt DRL schedule performance 
(Bannerman et al., 1999; Cho & Jeantet, 2010; Deacon, Reisel, Perry, Nicholas, & Rawlins, 
2005; Sinden, Rawlins, Gray, & Jarrard, 1986). Furthermore, these lesions tend to reduce 
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response efficiency by increasing sub-criterion IRTs without increasing burst IRTs, per se (Cho 
& Jeantet, 2010; Sinden et al., 1986). Importantly, decreased response efficiency on DRL 
schedules is present whether the lesion is localized to the ventral, dorsal, or both aspects of the 
hippocampus (Bannerman et al., 1999). Although, it is important to highlight that DRL schedule 
performance is also highly controlled by PFC and subcortical motor circuits (Cho & Jeantet, 
2010) and not exclusively by hippocampal circuits. Reflective of previous studies assessing 
hippocampal damage following gestational nano-TiO2 and other ultrafine aerosol exposures, the 
deficits in DRL performance in the current study could be a result of disrupted hippocampal 
function.  
 The extent to which hippocampal damage could be responsible for the reversal learning 
deficits observed in the current study is unclear. Recall that intradimensional (i.e., reversal 
learning) and extradimensional shifts are primarily mediated by the orbital PFC and medial PFC, 
respectively (Dias et al., 1996; McAlonan & Brown, 2003). In rats, the ventral hippocampus 
sends efferent projections to the medial PFC with little-to-no innervation of the orbital PFC (Jay 
& Witter, 1991; Verwer, Meijer, Van Uum, & Witter, 1997). There is corroborating evidence 
that cytotoxic lesions of the ventral hippocampus in neonate rats (i.e., PND 6) leads to disrupted 
formation of the medial PFC and increased errors in an extradimensional, but not 
intradimensional, shift task (Marquis, Goulet, & Doré, 2008; Placek, Dippel, Jones, & Brady, 
2013). Similarly, exposure to UFP in neonate mice (PND 7-10) increased errors on an 
extradimensional, but not intradimensional, shift task in males (Morris-Schaffer et al., 2018) and 
increased glutamate concentrations in the hippocampus of male mice (Allen, Liu, Pelkowski, et 
al., 2014). Given these considerations, it appears that hippocampal damage produced by UFP or 
nano-TiO2 exposure should preferentially disrupt extradimensional shifts and not 
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intradimensional shifts. Again, because extradimensional shifts were not evaluated in the current 
study, it unclear if these deficits would have been detected. Future investigations of effects of 
gestational nano-TiO2 exposure on behavioral flexibility should consider study design strategies 
to implement both types of dimensional shift paradigms. 
Sex as a determinant of neurotoxicity 
In line with previous research, behavioral impairment was primarily detected in nano-
TiO2-exposed males rather than females (Cory-Slechta et al., 2018). Although precise 
mechanisms remain unclear, several hypotheses have been proposed to account for male-biased 
susceptibility to developmental neurotoxicant exposure that may underlie male-biased 
neurodevelopmental disorders including autism spectrum disorder (ASD) and ADHD (Kern et 
al., 2017). At least two important mechanisms include sex differences in antioxidant systems and 
steroid hormones that promote neuroprotection (Villa, Vegeto, Poletti, & Maggi, 2016). A chief 
function of antioxidants is to protect against oxidative damage from overproduction of reactive 
oxygen species (ROS) by mitochondria (Murphy, 2008; Palmer & Paulson, 1997), which is 
thought to be one of the primary mechanisms of nano-TiO2 neurotoxicity (Skocaj, Filipic, 
Petkovic, & Novak, 2011). Although studies assessing sex differences in oxidative stress 
responses following nano-TiO2 exposure have yet to be conducted, several lines of evidence 
suggest male-biased susceptibility to ROS. In humans, various antioxidants, like glutathione, are 
higher in infant females than in infant males, and female fetuses tend to show more robust 
increases in glutathione concentrations during gestation compared to males (Lavoie & Chessex, 
1997; Rush & Sandiford, 2003). Not only does this relation generally hold for antioxidant 
expression in mice, but it also correlates with sensitivity to gestational neurotoxicant (e.g., 
MeHg) exposure such that males show a blunted antioxidant response thereby increasing toxicity 
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in male mice compared to female mice (Kimiko, Akira, & Masayasu, 1987; Ruszkiewicz, 
Bowman, Farina, Rocha, & Aschner, 2016). Gestational exposure to the ROS-stimulating 
glucocorticoid corticosterone also shows sex-specific effects. For example, female mice exposed 
to corticosterone for a short time (i.e., two days) during gestation show increased antioxidant 
responses relative to male mice suggesting females may have enhanced oxidative stress defense 
mechanisms (Bartho, Holland, Moritz, Perkins, & Cuffe, 2019). This effect is also mirrored in 
humans in which synthetic glucocorticoid treatment increases pro-oxidative markers and 
decreases anti-oxidative markers in male placental tissue as compared to female placental tissue 
(Stark, Hodyl, Wright, & Clifton, 2011). Given male susceptibility to ROS and ROS production 
being a primary determinant of nano-TiO2 toxicity either from the gestational environment or 
within the developing fetus, it is possible this male-biased ROS susceptibility could underlie 
behavioral impairment observed here and elsewhere.  
 In addition to sex differences in antioxidant defense, there is evidence that estrogens, a 
class of steroid hormone, can mitigate negative effects of neuroinflammation (Villa et al., 2016). 
Estrogens (e.g., 17β-estradiol, estrone, and estriol), typically present in higher concentrations in 
females relative to males, are synthesized through a series of enzymatic reactions which 
ultimately converts androgens into estrogens through a process called aromatization (Nelson, 
2011). Estrogens, particularly 17β-estradiol, are also potent modulators of oxidative stress (Behl, 
Widmann, Trapp, & Holsboer, 1995; Keaney et al., 1994). In fact, 17β-estradiol is extremely 
effective at blocking glutamate-induced excitotoxicity via increases in intracellular Ca2+ 
(Goodman, Bruce, Cheng, & Mattson, 1996), which, again, is thought to be an important 
component of nano-TiO2 neurotoxicity (Hong et al., 2015). In vivo models of brain injury also 
support estrogen-mediated neuroprotection. For example, in ovariectomized female rats, both 
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peripheral and central administration of 17β-estradiol drastically decreased mortality following 
occlusion of the middle cerebral artery (Simpkins et al., 1997). Similar attenuations of brain 
injury have been found using glutamate-induced lesions in rats following pretreatment with 17β-
estradiol (Mendelowitsch, Ritz, Ros, Langemann, & Gratzl, 2001). Therefore, it follows that 
females may be protected from various sources of neurotoxicity through enhanced antioxidant 
response and presence of higher concentrations of neuroprotective estrogens. These mechanisms 
may partially explain the sex differences observed in the current study.   
Limitations 
 Considering the findings of the current study, at least two limitations warrant attention. 
First, control and nano-TiO2-exposed rats were represented by only two litters, respectively. It is 
typical for studies using gestational exposure models to include one or two subjects from 
multiple litters in each group such that litter can be treated as a covariate in statistical analyses 
(Cory-Slechta et al., 2018; Morris-Schaffer et al., 2018; Reed et al., 2006). Thus, it is possible 
that the behavioral impairment observed in the current study could simply be due to differences 
across litters and not nano-TiO2 exposure, per se. Two points may be made against this 
interpretation. First, impairment was detected in the same group of male rats, which came from 
separate litters across two separate experiments at distinctly different developmental time points. 
For example, spatial discrimination deficits were detected between PND 80-100 and deficits in 
DRL responding were detected over six months of age. Second, TiO2-exposed male and female 
rats in the current study came from the same litters, and the sex-dependent effects observed here 
partially mirror results of previous studies assessing behavioral deficits following UFP exposures 
in mice sampled across 12 litters (Cory-Slechta et al., 2018; Morris-Schaffer et al., 2018).  
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 A second limitation is that only one nanomaterial at a single aerosol concentration was 
used in the current study. Nano-TiO2 was selected primarily because of its ubiquity in industrial 
applications and history as a prototypical nanomaterial. However, other nanomaterial aerosols 
have been characterized in the context of developmental neurotoxicity and understanding how 
different nanomaterials affect cognitive development is a crucial step in hazard identification. 
For example, neonatal exposure to elemental carbon, or carbon black, aerosols (45 ug/m3) did 
not produce any detectable behavioral impairment on a fixed-interval or DRL schedule of 
reinforcement in mice (Morris-Schaffer, Merrill, Jew, et al., 2019). Additionally, a similar 
exposure regimen to diesel exhaust aerosols (100 µg/m3) produced little-to-no behavioral deficits 
in mice (Morris-Schaffer, Merrill, Wong, et al., 2019). To address this limitation, an interesting 
future direction is to evaluate effects of co-exposure of different types of nanomaterials or 
nanomaterials in conjunction with other, more common environmental pollutants to model real-
world exposures more effectively. 
Conclusion 
 The primary conclusion of the present study is that low-dose nano-TiO2 inhalation during 
pregnancy produces detectable impairment of operant behavior in adult offspring. Furthermore, 
these effects were primarily present in male rats, not females. Behavioral impairment was largely 
characterized by reduced latencies, increased errors, first-run errors, and sessions to criterion to 
learn an original discrimination in the spatial discrimination reversal task and increased response 
rates and decreased response efficiency on a DRL 30-s schedule. This extends previous work 
showing a similar exposure regimen to that used here increased latency to find a submerged 
platform in male rats (Engler-Chiurazzi et al., 2016). The current study also recapitulates 
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behavioral impairment following gestational exposure to other ultrafine aerosols linked to air 
pollution (Cory-Slechta et al., 2018; Morris-Schaffer et al., 2018).  
 As nanomaterials continue to be increasingly produced for industrial, medical, and 
consumer purposes, identifying the harmful consequences of unintended exposures is extremely 
important (Hendren et al., 2011; Hougaard et al., 2015). The extent to which engineered 
nanomaterials affect development and function of the central nervous system is particularly 
concerning, and is becoming a more commonly investigated endpoint (Bencsik, Lestaevel, & 
Guseva Canu, 2017). In this regard, operant behavioral techniques may be uniquely poised to 
contribute to the effort of identifying neurobehavioral consequences of ENM exposure whether 
the exposure is direct or developmental. Operant techniques have been routinely used in other 
fields of neurotoxicology, and have a long history of utility in characterizing executive function 
deficits and motor impairment, especially at low-level exposures (Cory-Slechta, 2010; Laties, 
1978; Newland, 2010). Perhaps the current study will serve as an impetus to continue uncovering 
the extent to which ENM exposure induces neurobehavioral impairment.  
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Note. Bolded values indicate statistical significance (p < 0.05). 
 
 
 
 
 
 
 
 
 
Table 1. ANOVA outcomes for Experiment 1   
 
Measure 
 
 
 
Effect 
  
F 
  
df 
  
p 
  
ηp2 
All rats           
Pellets earned  Group  0.46  1,25  0.50  0.02 
  Sex  1.94  1,25  0.18  0.07 
  Group*Sex  1.61  1,25  0.22  0.06 
Obtained delay  Group  0.15  1,25  0.69  0.06 
  Sex  0.23  1,25  0.64  0.09 
  Group*Sex  41.35  1,25  < 0.01  0.24 
Active responses  Group  0.11  1,25  0.75  < 0.01 
  Sex  1.87  1,25  0.18  0.07 
  Group*Sex  3.15  1,25  0.08  0.11 
Inactive responses  Group  0.06  1,25  0.93  < 0.01 
  Sex  3.70  1,25  0.06  0.13 
  Group*Sex  0.61  1,25  0.44  0.02 
>20 pellets           
Pellets earned  Group  5.88  1,11  0.03  0.35 
  Sex  0.12  1,11  0.73  0.01 
  Group*Sex  7.95  1,11  0.02  0.42 
Obtained delay  Group  0.64  1,11  0.44  0.05 
  Sex  0.83  1,11  0.38  0.07 
  Group*Sex  10.69  1,11  < 0.01  0.49 
Active responses  Group  0.42  1,11  0.53  0.04 
  Sex  0.01  1,11  0.91  < 0.01 
  Group*Sex  4.73  1,11  0.05  0.30 
Inactive responses  Group  < 0.01  1,11  0.99  < 0.01 
  Sex  < 0.01  1,11  0.99  < 0.01 
  Group*Sex  0.91  1,11  0.36  0.07 
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Table 2. Linear regression outcomes for Experiment 2 – Males only 
 
Session 1 (R1-R4) 
 
Effect 
  
ß 
  
Std Error 
  
df 
  
t 
  
p 
Session to criterion  Group  0.97  0.51  53.73  1.89  0.06 
Model R2: 0.78   Reversal  -0.39  0.11  42.99  3.63  < 0.01 
  Group*Reversal  -0.25  0.17  42.99  1.47  0.15 
Total error  Group  0.26  0.36  55.18  0.71  0.47 
Model R2: 0.66  Reversal  -0.73  0.09  42.99  7.53  < 0.01 
  Group*Reversal  0.46  0.13  42.99  0.34  0.72 
Latency  Group  -0.99  0.51  31.03  1.95  0.06 
Model R2: 0.24  Reversal  -0.37  0.09  42.99  4.01  < 0.01 
  Group*Reversal  0.10  0.13  42.99  0.81  0.42 
Error runs  Group  -1.04  0.56  55.95  1.86  0.06 
Model R2: 0.21  Reversal  -0.59  0.14  43  4.17  < 0.01 
  Group*Reversal  0.48  0.19  43  2.45  0.01 
First run error  Group  0.37  0.54  56  0.69  0.49 
Model R2: 0.28  Reversal  -0.42  0.14  56  2.87  < 0.01 
  Group*Reversal  -0.11  0.19  56  0.54  0.59 
Error run length  Group  1.12  0.58  54.84  0.68  0.056 
Model R2: 0.21  Reversal  -0.17  0.15  43.03  1.10  0.27 
  Group*Reversal  -0.35  0.21  43.03  1.67  0.10 
Correct:stay ratio  Group  -0.49  0.37  56  1.35  0.18 
Model R2: 0.67  Reversal  0.68  0.09  56  6.96  < 0.01 
  Group*Reversal  0.07  0.13  56  0.54  0.59 
Incorrect:shift ratio  Group  -0.86  0.57  56  1.50  0.14 
Model R2: 0.22  Reversal  0.24  0.15  56  1.60  0.11 
  Group*Reversal  0.27  0.21  56  1.31  0.19 
        (continued on next page) 
  74 
 
Session 2 (R1-R4)           
Total error  Group  0.78  0.38  111.2  2.05  0.04 
Model R2: 0.26  Reversal  -0.32  0.09  85  3.35  < 0.01 
  Group*Reversal  -0.24  0.13  85  1.86  0.06 
Latency  Group  -1.73  0.47  23.21  3.65  < 0.01 
Model R2: 0.31  Reversal  -0.41  0.07  43  -5.75  < 0.01 
  Group*Reversal  0.32  0.09  43  3.30  < 0.01 
Error runs  Group  0.22  0.59  56  0.38  0.70 
Model R2: 0.18  Reversal  -0.36  0.15  56  2.29  0.02 
  Group*Reversal  -0.03  0.21  56  0.18  0.86 
First-run error  Group  1.47  0.56  55.96  2.62  0.01 
Model R2: 0.22  Reversal  -0.08  0.14  43  0.62  0.54 
  Group*Reversal  -0.46  0.19  43  2.31  0.02 
Error run length  Group  1.26  0.59  53.43  2.11  0.04 
Model R2: 0.08  Reversal  0.12  0.14  43  0.83  0.41 
  Group*Reversal  -0.46  0.19  43  2.34  0.02 
Correct:stay ratio  Group  -0.94  0.53  53.58  1.78  0.08 
Model R2: 0.27  Reversal  0.30  0.13  43  2.36  0.02 
  Group*Reversal  0.24  0.17  43  1.38  0.17 
Incorrect:shift ratio  Group  -1.09  0.60  55.39  1.81  0.07 
Model R2: 0.08  Reversal  -0.03  0.15  43  0.25  0.80 
  Group*Reversal  0.39  0.21  43  1.91  0.06 
Reversal 1 (session 1-3)           
Total error  Group  0.15  0.39  40.76  0.37  0.71 
Model R2: 0.67  Session  -1.03  0.11  28  8.79  < 0.01 
  Group*Session  0.08  0.16  28  0.49  0.63 
Correct:stay ratio  Group  -0.24  0.43  39.35  0.55  0.58 
Model R2: 0.58  Session  0.94  0.12  28  7.73  < 0.01 
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  Group*Session  -0.02  0.16  28  0.11  0.92 
Incorrect:shift ratio  Group  -0.70  0.43  39.37  1.63  0.11 
Model R2: 0.59  Session  0.83  0.12  28  6.92  < 0.01 
  Group*Session  0.18  0.16  28  1.07  0.29 
Error runs  Group  -1.05  0.65  39.38  1.61  0.11 
Model R2: 0.27  Session  -0.87  0.21  28  4.15  < 0.01 
  Group*Session  0.51  0.28  28  1.78  0.08 
First run error  Group  0.34  0.45  39.39  0.76  0.45 
Model R2: 0.64  Session  -0.95  0.14  28  6.52  < 0.01 
  Group*Session  -0.03  0.19  28  0.15  0.88 
Error run length  Group  1.08  0.45  33.57  2.41  0.02 
Model R2: 0.50  Session  -0.65  0.11  28  5.84  < 0.01 
  Group*Session  -0.32  0.15  28  2.09  0.04 
Reversal 2 (session 1-3)           
Total error  Group  -0.09  0.43  38.48  0.22  0.82 
Model R2: 0.68  Session  -1.10  0.14  28  7.78  < 0.01 
  Group*Session  0.24  0.19  28  1.26  0.22 
Correct:stay ratio  Group  -1.02  0.52  39.19  -1.96  0.056 
Model R2: 0.53  Session  0.68  0.17  28  4.07  < 0.01 
  Group*Session  0.29  0.23  28  1.28  0.21 
Incorrect:shift ratio  Group  0.35  0.50  40.22  0.70  0.48 
Model R2: 0.55  Session  1.05  0.16  28  6.65  < 0.01 
  Group*Session  -0.32  0.22  28  1.50  0.14 
Error runs  Group  -0.16  0.65  37  0.25  0.81 
Model R2: 0.33  Session  -0.81  0.22  28  3.72  < 0.01 
  Group*Session  0.25  0.29  28  0.85  0.40 
First run error  Group  -0.04  0.50  39.62  0.08  0.93 
Model R2: 0.56  Session  -0.98  0.16  28  6.12  < 0.01 
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  Group*Session  0.15  0.22  28  0.69  0.49 
Error run length  Group  0.01  0.54  39.68  0.01  0.98 
Model R2: 0.49  Session  -0.92  0.17  28  5.37  < 0.01 
  Group*Session    0.13  0.23  28  0.53  0.59 
  Note. Bolded values indicate statistical significance (p < 0.05).  
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Table 3. Linear regression outcomes for Experiment 2 – Females only 
 
Session 1 (R1-R4) 
 
Effect 
  
ß 
  
Std Error 
  
df 
  
t 
  
p 
Session to criterion  Group  0.71  0.57  52  1.23  0.22 
Model R2: 0.58   Reversal  -0.36  0.16  52  2.30  0.02 
  Group*Reversal  -0.14  0.21  52  0.67  0.50 
Total error  Group  -0.52  0.43  52  1.22  0.23 
Model R2: 0.58  Reversal  -0.83  0.12  52  7.01  < 0.01 
  Group*Reversal  0.29  0.15  52  1.86  0.06 
Latency  Group  0.16  0.585  27  1.27  0.21 
Model R2: 0.09  Reversal  -0.18  0.10  40  1.76  0.08 
  Group*Reversal  -0.13  0.14  40  0.93  0.36 
Error runs  Group  -0.77  0.57  52  1.35  0.18 
Model R2: 0.26  Reversal  -0.63  0.15  40  4.09  < 0.01 
  Group*Reversal  0.35  0.20  40  1.72  0.09 
First-run error  Group  0.02  0.60  52  0.03  0.97 
Model R2: 0.20  Reversal  -0.41  0.16  52  2.47  0.01 
  Group*Reversal  0.02  0.22  52  0.01  0.99 
Error run length  Group  0.11  0.62  52  0.17  0.86 
Model R2: 0.12  Reversal  -0.32  0.16  40  2.00  0.05 
  Group*Reversal  0.02  0.21  40  0.08  0.93 
Correct:stay ratio  Group  0.83  0.44  51.87  1.87  0.06 
Model R2: 0.55  Reversal  0.84  0.12  40  7.07  < 0.01 
  Group*Reversal  -0.34  0.16  40  2.15  0.04 
Incorrect:shift ratio  Group  -0.01  0.61  52  0.02  0.98 
Model R2: 0.16  Reversal  0.38  0.16  40  2.35  0.02 
  Group*Reversal  -0.03  0.21  40  0.13  0.89 
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Session 2 (R1-R4)           
Total error  Group  0.47  0.54  51.13  0.87  0.38 
Model R2: 0.32  Reversal  -0.44  0.14  40  3.17  < 0.01 
  Group*Reversal  -0.12  0.18  40  0.65  0.52 
Latency  Group  0.57  0.55  22  1.04  0.31 
Model R2: 0.15  Reversal  -0.21  0.08  40  2.37  0.02 
  Group*Reversal  -0.24  0.12  40  2.07  0.04 
Error runs  Group  0.30  0.52  51.9  0.57  0.57 
Model R2: 0.36  Reversal  -0.50  0.14  40  3.62  < 0.01 
  Group*Reversal  -0.08  0.18  40  0.42  0.67 
First-run error  Group  0.15  0.66  52  0.22  0.83 
Model R2: 0.04  Reversal  -0.16  0.18  52  0.87  0.38 
  Group*Reversal  0.04  0.24  52  0.18  0.85 
Error run length  Group  0.09  0.65  51.9  0.15  0.87 
Model R2: 0.06  Reversal  -0.23  0.17  40  1.38  0.17 
  Group*Reversal  0.26  0.23  40  0.11  0.91 
Correct:stay ratio  Group  -0.79  0.52  51.14  1.52  0.13 
Model R2: 0.27  Reversal  0.42  0.14  40  2.94  < 0.01 
  Group*Reversal  0.24  0.19  40  1.27  0.21 
Incorrect:shift ratio  Group  -0.40  0.66  51.9  0.60  0.55 
Model R2: 0.013  Reversal  0.01  0.17  40  0.03  0.97 
  Group*Reversal  0.12  0.23  40  0.50  0.62 
Reversal 1 (session 1-3)           
Total error  Group  -0.10  0.44  36.68  0.23  0.82 
Model R2: 0.68  Session  -1.09  0.15  26  7.42  < 0.01 
  Group*Session  0.14  0.19  26  0.75  0.46 
Correct:stay ratio  Group  0.64  0.44  37.98  1.45  0.15 
Model R2: 0.64  Session  1.14  0.14  26  8.27  < 0.01 
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  Group*Session  -0.29  0.18  26  1.58  0.12 
Incorrect:shift ratio  Group  0.26  0.64  38  0.41  0.68 
Model R2: 0.42  Session  0.93  0.23  38  4.16  < 0.01 
  Group*Session  -0.34  0.29  38  1.14  0.26 
Error runs  Group  -0.41  0.65  37.54  0.62  0.53 
Model R2: 0.29  Session  -0.81  0.21  26  3.82  < 0.01 
  Group*Session  0.24  0.28  26  0.86  0.40 
First run error  Group  -0.35  0.46  38  0.78  0.44 
Model R2: 0.64  Session  -1.15  0.16  38  7.21  < 0.01 
  Group*Session  0.25  0.21  38  1.19  0.24 
Error run length  Group  0.09  0.49  38  0.19  0.84 
Model R2: 0.65  Session  -1.03  0.17  38  5.97  < 0.01 
  Group*Session  0.11  0.23  38  0.49  0.62 
Reversal 2 (session 1-3)           
Total error  Group  -0.25  0.43  38  0.58  0.56 
Model R2: 0.73  Session  -1.18  0.15  38  7.86  < 0.01 
  Group*Session  0.28  0.20  38  1.41  0.17 
Correct:stay ratio  Group  0.01  0.49  33.72  0.01  0.99 
Model R2: 0.64  Session  1.02  0.17  26  5.94  < 0.01 
  Group*Session  -0.06  0.23  26  0.28  0.78 
Incorrect:shift ratio  Group  0.08  0.56  37.46  0.14  0.88 
Model R2: 0.55  Session  0.92  0.18  26  5.08  < 0.01 
  Group*Session  -0.13  0.24  26  0.55  0.58 
Error runs  Group  -0.38  0.61  35.62  0.64  0.53 
Model R2: 0.44  Session  -0.98  0.20  26  4.80  < 0.01 
  Group*Session  0.34  0.27  26  1.25  0.22 
First run error  Group  0.13  0.64  38  0.19  0.84 
Model R2: 0.56  Session  -0.83  0.22  38  3.70  < 0.01 
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  Note. Bolded values indicate statistical significance (p < 0.05). 
 
 
 
 
 
 
 
 
 
 
 
 
  
  Group*Session  0.08  0.30  38  0.28  0.78 
Error run length  Group  -0.17  0.61  37.56  0.28  0.78 
Model R2: 0.49  Session  -0.86  0.20  26  4.34  < 0.01 
  Group*Session  0.22  0.26  26  0.85  0.40 
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Table 4. Linear regression outcomes for Experiment 3 – Both Sexes 
    
 
DRL 5 - Male 
  
Effect 
  
ß 
  
Std. Error 
  
df 
  
t 
  
p 
Reinforcement Rate  Group  -0.76  0.75  12.74  1.13  0.28 
Model R2: 0.19   Session  0.12  0.05  12.19  2.25  0.04 
  Group*Session  0.10  0.07  12.38  1.40  0.18 
Response Rate  Group  -0.68  0.44  34.69  1.55  0.13 
Model R2: 0.04  Session  0.01  0.35  127.1  0.37  0.71 
  Group*Session  0.07  0.05  127.1  0.15  0.12 
Burst Responses  Group  -0.10  0.25  27.01  0.39  0.69 
Model R2: 0.13  Session  -0.15  0.03  26.75  4.87  < 0.01 
  Group*Session  0.04  0.04  27.36  0.99  0.33 
Unreinf:reinf ratio  Group  0.20  0.48  12.42  0.42  0.68 
Model R2: 0.18  Session  -0.14  0.05  12.59  2.93  0.01 
  Group*Session  -0.03  0.07  12.92  0.45  0.66 
Median IRT  Group  0.32  0.38  94.40  0.84  0.40 
Model R2: 0.09  Session  0.13  0.04  127.7  3.31  < 0.01 
  Group*Session  -0.05  0.05  127.8  0.96  0.34 
Modal IRT  Group  -0.25  0.39  96.89  0.64  0.52 
Model R2: 0.05  Session  0.06  0.04  127.2  1.46  0.15 
  Group*Session  0.03  0.06  127.3  0.49  0.62 
DRL 5 - Female             
Reinforcement Rate  Group  -0.08  0.43  32.68  0.20  0.84 
Model R2: 0.02   Session  0.06  0.03  124  1.80  0.07 
  Group*Session  -0.01  0.05  124  0.30  0.76 
Response Rate  Group  -0.36  0.32  12  1.14  0.28 
Model R2:  Session  -0.06  0.05  12  1.19  0.26 
  Group*Session  0.03  0.08  12  0.44  0.66 
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Burst Responses  Group  -0.14  0.40  11.99  0.35  0.73 
Model R2: 0.14  Session  -0.15  0.05  11.99  3.16  < 0.01 
  Group*Session  0.05  0.07  11.99  0.65  0.53 
Unreinf:reinf ratio  Group  -0.33  0.35  74.34  0.93  0.36 
Model R2: 0.18  Session  -0.17  0.03  124  5.09  < 0.01 
  Group*Session  0.06  0.05  124  1.15  0.25 
Median IRT  Group  0.62  0.57  12  1.08  0.30 
Model R2:  Session  0.18  0.06  12  2.87  0.04 
  Group*Session  -0.07  0.10  12  0.78  0.45 
Modal IRT  Group  -0.05  0.33  99.43  0.14  0.89 
Model R2:  Session  0.18  0.03  124  5.27  < 0.01 
  Group*Session  0.01  0.05  124  0.1  0.92 
DRL 10 - Male             
Burst resp (1-5)  Group  0.79  0.47  13  1.66  0.12 
Model R2: 0.05  Session  -0.04  0.04  13  1.02  0.32 
  Group*Session  -0.06  0.05  13  1.12  0.28 
Burst resp (6-15)  Group  0.46  0.67  13  0.69  0.49 
Model R2: 0.03  Session  -0.09  0.13  13  0.07  0.99 
  Group*Session  -0.05  0.19  13  0.25  0.80 
DRL 10 - Female             
Burst resp (1-5)  Group  -0.75  0.74  12  1.02  0.33 
Model R2: 0.03  Session  -0.04  0.04  12  0.93  0.37 
  Group*Session  0.04  0.07  12  0.60  0.56 
Burst resp (6-15)  Group  0.49  0.81  12  0.61  0.55 
Model R2: 0.02  Session  0.05  0.15  12  0.34  0.74 
  Group*Session  -0.16  0.23  12  0.71  0.40 
DRL 20 - Male             
Burst resp  Group  -0.10  0.23  13  0.44  0.67 
Model R2: 0.05  Session  -0.04  0.01  13  6.05  < 0.01 
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  Group*Session  0.02  0.01  13  2.36  0.03 
Median IRT  Group  0.06  0.38  13  0.16  0.87 
Model R2: 0.19  Session  0.12  0.02  13  6.06  < 0.01 
  Group*Session  -0.06  0.03  13  2.23  0.04 
Modal IRT  Group  -0.21  0.42  13  0.51  0.62 
Model R2: 0.29  Session  0.13  0.02  13  5.70  < 0.01 
  Group*Session  -0.01  0.03  13  0.37  0.71 
DRL 20 - Female             
Burst resp  Group  0.39  0.59  12  0.66  0.52 
Model R2: 0.03  Session  -0.07  0.03  12  2.1  0.05 
  Group*Session  -0.03  0.05  12  0.67  0.51 
Median IRT  Group  -0.37  0.46  12  0.80  0.44 
Model R2: 0.17  Session  0.08  0.02  12  3.92  < 0.01 
  Group*Session  0.04  0.03  12  1.13  0.28 
Modal IRT  Group  -0.18  0.56  12  0.32  0.76 
Model R2:  Session  0.14  0.03  12  5.16  < 0.01 
  Group*Session  -0.01  0.04  12  0.25  0.81 
DRL 30 – Male (first 15 sessions)           
Reinforcement rate  Group  -0.11  0.56  13  0.20  0.84 
Model R2: 0.18  Session  0.10  0.02  13  5.10  < 0.01 
  Group*Session  -0.06  0.03  13  2.12  0.056 
Response rate  Group  0.25  0.48  13  0.53  0.61 
Model R2: 0.16  Session  -0.08  0.02  13  3.80  < 0.01 
  Group*Session  0.05  0.03  13  1.76  0.10 
Burst response  Group  0.35  0.49  13  0.70  0.49 
Model R2: 0.03  Session  -0.02  0.02  13  1.04  0.32 
  Group*Session  -0.05  0.03  13  0.18  0.86 
Unreinf:reinf ratio  Group  0.05  0.49  13  0.11  0.92 
Model R2: 0.20  Session  -0.11  0.02  13  5.64  < 0.01 
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Note. Bolded values indicate statistical significance (p < 0.05). 
  
  
  Group*Session  0.07  0.03  13  2.61  0.02 
Median IRT  Group  -0.36  0.47  13  0.76  0.46 
Model R2: 0.14  Session  0.06  0.02  13  3.27  < 0.01 
  Group*Session  -0.04  0.02  13  1.70  0.11 
Modal IRT  Group  0.49  0.47  13  1.04  0.31 
Model R2: 0.07  Session  0.09  0.03  13  3.13  < 0.01 
  Group*Session  -0.06  0.04  13  1.53  0.15 
DRL 30 – Female (first 15 sessions)           
Modal IRT  Group  -0.27  0.39  25.43  0.68  0.50 
Model R2:  Session  0.09  0.02  194  0.49  0.62 
  Group*Session  0.01  0.03  194  0.48  0.63 
DRL 30 – Male (all sessions)           
Burst response  Group  0.39  0.56  13  0.69  0.50 
Model R2: 0.03  Session  -0.07  0.01  13  0.67  0.52 
  Group*Session  -0.04  0.01  13  0.26  0.80 
Median IRT  Group  -0.60  0.44  13  1.38  0.19 
Model R2: 0.17  Session  0.03  0.08  13  3.75  < 0.01 
  Group*Session  -0.09  0.01  13  0.77  0.45 
Modal IRT  Group  0.49  0.47  13  1.04  0.32 
Model R2: 0.12  Session  0.09  0.03  13  3.13  < 0.01 
  Group*Session  -0.06  0.04  13  1.53  0.15 
DRL 30 – Female (all sessions)           
Modal IRT  Group  -0.30  0.44  12  0.69  0.50 
Model R2: 0.03  Session  0.01  0.01  12  1.34  0.21 
  Group*Session  0.01  0.01  12  0.96  0.36 
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Table 5. Nonlinear regression outcomes for Experiment 3 
 
DRL 10 - Male 
  
Effect 
  
b 
  
Std. Error 
  
df 
  
t 
  
p 
Reinforcement Rate  Group (int)  0.39  0.26  207  1.52  0.13 
  Group (slope)  -0.11  0.07  207  1.67  0.09 
Response Rate  Group (slope)  -0.06  0.09  209  0.63  0.53 
Unreinf:reinf ratio  Group (slope)  0.06  0.09  209  0.74  0.46 
Median IRT  Group (int)  0.15  0.81  207  0.19  0.85 
  Group (slope)  -0.06  0.11  207  0.62  0.54 
Modal IRT  Group (slope)  0.07  0.03  209  2.33  0.02 
DRL 10 - Female             
Reinforcement Rate  Group (int)  0.01  0.20  193  0.07  0.94 
  Group (slope)  -0.03  0.04  193  0.64  0.25 
Response Rate  Group (slope)  0.07  0.08  195  0.95  0.34 
Unreinf:reinf ratio  Group (slope)  0.01  0.08  195  0.16  0.87 
Median IRT  Group (int)  -0.07  0.75  193  0.09  0.92 
  Group (slope)  0.04  0.07  193  0.56  0.57 
Modal IRT  Group (slope)  0.03  0.02  195  1.36  0.17 
DRL 20 - Male             
Reinforcement Rate  Group (int)  0.01  0.14  207  0.09  0.93 
  Group (slope)  -0.04  0.12  207  0.37  0.71 
Response Rate  Group (slope)  -0.01  0.02  209  0.46  0.65 
Unreinf:reinf ratio  Group (slope)  -0.15  0.14  405  1.12  0.27 
        (continued on next page) 
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                         Note. Bolded values indicate statistical significance (p < 0.05).  
DRL 20 - Female             
Reinforcement Rate  Group (int)  -0.19  0.16  193  1.19  0.23 
  Group (slope)  0.04  0.25  193  0.16  0.87 
Response Rate  Group (slope)  -0.02  0.02  195  0.94  0.34 
Unreinf:reinf ratio  Group (slope)  -0.11  0.17  195  0.62  0.53 
DRL 30 – Female (first 15 sessions)           
Reinforcement Rate  Group (int)  -0.18  0.14  193  1.24  0.22 
  Group (slope)  0.12  0.07  193  1.61  0.11 
Response Rate  Group (slope)  -0.01  0.02  195  0.81  0.42 
Burst resp  Group (slope)  -0.08  0.07  195  1.11  0.27 
Unreinf:reinf ratio  Group (int)  -5.80  3.91  193  1.48  0.14 
  Group (slope)  -0.66  0.24  193  2.75  < 0.01 
Median IRT  Group (slope)  -0.06  0.06  195  0.09  0.93 
DRL 30 – Male (all sessions)           
Reinforcement Rate  Group (int)  -0.04  0.16  432  0.26  0.79 
  Group (slope)  0.17  0.16  432  1.11  0.27 
Response Rate  Group (slope)  -0.01  0.07  434  2.12  0.03 
Unreinf:reinf ratio  Group (slope)  -0.15  0.14  434  1.06  0.29 
DRL 30 – Female (all sessions)           
Reinforcement Rate  Group (int)  -0.13  0.14  403  0.93  0.35 
  Group (slope)  0.07  0.06  403  1.18  0.24 
Response Rate  Group (slope)  -0.05  0.09  405  0.56  0.57 
Burst resp  Group (slope)  -0.06  0.06  405  1.05  0.29 
Unreinf:reinf ratio  Group (slope)  -0.73  0.55  405  1.35  0.18 
Median IRT  Group (slope)  0.01  0.04  405  0.02  0.98 
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Table 6. ANOVA outcomes for DRL transitions of Experiment 3 – Males only  
 
Transition & measure  
 
Effect 
  
F 
  
df 
  
p 
  
ηp2 
DRL 5 – DRL 10           
Reinforcement Rate  Group  0.34  1,13  0.57  0.03 
  DRL  720.12  1,13  < 0.01  0.98 
  Group*DRL  1.37  1,13  0.26  0.09 
Response Rate  Group  0.02  1,13  0.88  < 0.01 
  DRL  39.68  1,13  < 0.01  0.75 
  Group*DRL  < 0.01  1,13  0.97  < 0.01 
Burst Response  Group  0.43  1,13  0.52  0.03 
  DRL  23.97  1,13  < 0.01  0.65 
  Group*DRL  0.24  1,13  0.63  0.02 
Unreinf:reinf Ratio  Group  1.15  1,13  0.30  0.08 
  DRL  47.10  1,13  0.25  0.78 
  Group*DRL  1.45  1,13  0.25  0.10 
Median IRT  Group  < 0.01  1,13  0.93  < 0.01 
  DRL  14.72  1,13  < 0.01  0.53 
  Group*DRL  < 0.01  1,13  0.97  < 0.01 
Modal IRT  Group  0.13  1,13  0.72  0.01 
  DRL  2.89  1,13  0.11  0.18 
  Group*DRL  0.34  1,13  0.57  0.02 
DRL 10 – DRL 20           
Reinforcement Rate  Group  1.47  1,13  0.25  0.10 
  DRL  754.28  1,13  < 0.01  0.98 
  Group*DRL  2.62  1,13  0.13  0.17 
Response Rate  Group  < 0.01  1,13  0.99  < 0.01 
  DRL  0.42  1,13  0.53  0.03 
  Group*DRL  0.31  1,13  0.59  0.02 
Burst Response  Group  0.04  1,13  0.83  < 0.01 
  DRL  22.26  1,13  < 0.01  0.63 
  Group*DRL  0.36  1,13  0.56  0.02 
Unreinf:reinf Ratio  Group  0.51  1,13  0.48  0.04 
  DRL  33.88  1,13  < 0.01  0.72 
  Group*DRL  0.59  1,13  0.45  0.04 
Median IRT  Group  < 0.01  1,13  0.93  < 0.01 
  DRL  0.78  1,13  0.39  0.05 
  Group*DRL  0.25  1,13  0.62  0.02 
Modal IRT  Group  1.48  1,13  0.25  0.10 
  DRL  2.77  1,13  0.12  0.17 
      (continued on next page) 
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  Group*DRL  5.62  1,13  0.03  0.30 
DRL 20 – DRL 30           
Reinforcement Rate  Group  0.66  1,13  0.43  0.05 
  DRL  129.40  1,13  < 0.01  0.91 
  Group*DRL  1.78  1,13  0.21  0.12 
Response Rate  Group  2.39  1,13  0.15  0.15 
  DRL  < 0.01  1,13  0.95  < 0.01 
  Group*DRL  0.02  1,13  0.88  < 0.01 
Burst Response  Group  1.56  1,13  0.23  0.11 
  DRL  4.16  1,13  0.06  0.24 
  Group*DRL  0.34  1,13  0.57  0.02 
Unreinf:reinf Ratio  Group  0.98  1,13  0.34  0.07 
  DRL  31.93  1,13  < 0.01  0.71 
  Group*DRL  0.41  1,13  0.53  0.03 
Median IRT  Group  2.30  1,13  0.15  0.15 
  DRL  0.58  1,13  0.46  0.04 
  Group*DRL  < 0.01  1,13  0.95  < 0.01 
Modal IRT  Group  0.16  1,13  0.69  0.01 
  DRL  0.11  1,13  0.74  < 0.01 
  Group*DRL  0.16  1,13  0.69  0.01 
Note. Bolded values indicate statistical significance (p < 0.05). 
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Table 7. ANOVA outcomes for DRL transitions of Experiment 3 – Females only  
 
Transition & measure  
 
Effect 
  
F 
  
df 
  
p 
  
ηp2 
DRL 5 – DRL 10           
Reinforcement Rate  Group  0.64  1,13  0.44  0.05 
  DRL  43.19  1,13  < 0.01  0.97 
  Group*DRL  0.13  1,13  0.72  0.01 
Response Rate  Group  0.52  1,13  0.48  0.04 
  DRL  0.52  1,13  0.48  0.04 
  Group*DRL  1.56  1,13  0.23  0.11 
Burst Response  Group  1.14  1,13  0.31  0.08 
  DRL  18.87  1,13  < 0.01  0.61 
  Group*DRL  0.54  1,13  0.48  0.04 
Unreinf:reinf Ratio  Group  < 0.01  1,13  0.96  < 0.01 
  DRL  25.28  1,13  < 0.01  0.68 
  Group*DRL  < 0.01  1,13  0.93  < 0.01 
Median IRT  Group  < 0.01  1,13  0.96  < 0.01 
  DRL  1.75  1,13  0.21  0.13 
  Group*DRL  < 0.01  1,13  0.95  < 0.01 
Modal IRT  Group  6.25  1,13  0.03  0.35 
  DRL  17.86  1,13  < 0.01  0.59 
  Group*DRL  4.90  1,13  0.05  0.29 
DRL 10 – DRL 20           
Reinforcement Rate  Group  0.49  1,13  0.49  0.04 
  DRL  356.59  1,13  < 0.01  0.97 
  Group*DRL  0.14  1,13  0.72  0.01 
Response Rate  Group  < 0.01  1,13  0.99  < 0.01 
  DRL  < 0.01  1,13  0.94  < 0.01 
  Group*DRL  0.29  1,13  0.60  0.02 
Burst Response  Group  0.27  1,13  0.61  0.02 
  DRL  45.80  1,13  < 0.01  0.79 
  Group*DRL  0.68  1,13  0.43  0.05 
Unreinf:reinf Ratio  Group  0.37  1,13  0.56  0.03 
  DRL  36.56  1,13  < 0.01  0.75 
  Group*DRL  0.38  1,13  0.55  0.03 
Median IRT  Group  0.14  1,13  0.71  0.01 
  DRL  5.18  1,13  0.04  0.30 
  Group*DRL  0.72  1,13  0.41  0.06 
Modal IRT  Group  0.04  1,13  0.85  < 0.01 
  DRL  1.58  1,13  0.23  0.12 
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Note. Bolded values indicate statistical significance (p < 0.05). 
 
 
  Group*DRL  0.03  1,13  0.85  < 0.01 
DRL 20 – DRL 30      1,13     
Reinforcement Rate  Group  1.32  1,13  0.27  0.09 
  DRL  138.83  1,13  < 0.01  0.92 
  Group*DRL  0.23  1,13  0.64  0.02 
Response Rate  Group  0.25  1,13  0.62  0.02 
  DRL  1.35  1,13  0.27  0.10 
  Group*DRL  0.42  1,13  0.53  0.03 
Burst Response  Group  0.06  1,13  0.80  < 0.01 
  DRL  10.85  1,13  < 0.01  0.47 
  Group*DRL  0.15  1,13  0.70  0.01 
Unreinf:reinf Ratio  Group  4.37  1,13  0.06  0.27 
  DRL  36.56  1,13  < 0.01  0.47 
  Group*DRL  3.87  1,13  0.07  0.24 
Median IRT  Group  0.03  1,13  0.86  < 0.01 
  DRL  5.33  1,13  0.04  0.31 
  Group*DRL  0.32  1,13  0.58  0.03 
Modal IRT  Group  1.06  1,13  0.32  0.08 
           
  DRL  2.41  1,13  0.15  0.17 
  Group*DRL  0.10  1,13  0.76  < 0.01 
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Figure 1. Nano-TiO
2
 aerosol characterization. (A) Transmission electron microscope image of 
typical nano-TiO
2
 agglomerate aerosolized by the acoustical generator. (B) Size distribution of 
nano-TiO
2 
aerosol (aerodynamic diameter) sampled from the exposure chamber using a micro-
orifice uniform deposit impactor (MOUDI; count median diameter = 1.08 µm). (C) Size 
distribution of nano-TiO
2 
aerosol using a high resolution electronic low-pressure impactor (ELPI+; 
count median diameter = 156 nm). (D) Size distribution of nano-TiO
2 
aerosol using a scanning 
mobility particle sizer (SMPS; light grey bars) and aerodynamic particle sizer (APS; dark grey low 
values; count median diameter = 184 nm). (E) Real-time mass concentration of nano-TiO
2
 aerosols 
during a typical inhalation exposure. (F) Mass concentrations of TiO
2
 aerosols across exposure 
days for both pregnant rats that produced TiO
2
-exposed pups for behavioral assessment.  
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Figure 2. Mean (+ SEM) pellets earned, obtained delay (s), active responses, and 
inactive responses for both male and female rats during the 8-h acquisition session. 
Unfilled bars represent air-exposed control rats, and filled bars represent nano-TiO2-
exposed rats. (Female n = 8; Male n = 7-8).  
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Figure 3. Mean (+ SEM) pellets earned, obtained delay (s), active responses, and inactive 
responses only for rats that earned >20 pellets during the 8-h acquisition session. Unfilled 
bars represent air-exposed control, and filled bars represent nano-TiO2-exposed. The 
numbers at the base of each bar denote the number of rats represented. 
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Figure 4. Mean (±SEM) error, latency, and sessions to criterion for male and female rats 
across reversals during Session 1 of each reversal. Panel G only represents sessions to 
criterion during the original discrimination (OD). Unfilled points/bars represent air-
exposed control rats, and filled points/bars represent nano-TiO2-exposed rats.  
(Female n = 6-8; Male n = 7-8). * denotes p < 0.05 vs. Control Male. 
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Figure 5. Mean (±SEM) error runs, first-run error, and error run length for male and 
female rats across reversals during Session 1 of each reversal. Unfilled points represent 
air-exposed control rats, and filled points represent nano-TiO2-exposed rats.  
(Female n = 6-8; Male n = 7-8).  
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Figure 6. Mean (±SEM) correct:stay and incorrect:shift ratios for male and female rats 
across reversals during session 1 of each reversal. Unfilled points represent air-exposed 
control rats, and filled points represent nano-TiO2-exposed rats.  
(Female n = 6-8; Male n = 7-8).  
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Figure 7. Mean (±SEM) errors and latencies (s) for male and female rats across reversals 
during Session 2 of each reversal. Unfilled points represent air-exposed control rats, and 
filled points represent nano-TiO2-exposed rats. (Female n = 6-8; Male n = 7-8).  
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Figure 8. Mean (±SEM) error runs, first-run error, and error run length for male and 
female rats across reversals during Session 2 of each reversal. Unfilled points represent 
air-exposed control rats, and filled points represent nano-TiO2-exposed rats.  
(Female n = 6-8; Male n = 7-8).  
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Figure 9. Mean (±SEM) correct:stay and incorrect:shift ratios for male and female rats 
across reversals during Session 2 of each reversal. Unfilled points represent air-exposed 
control rats, and filled points represent nano-TiO2-exposed rats.  
(Female n = 6-8; Male n = 7-8).  
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Figure 10. Mean (±SEM) errors, correct:stay, and incorrect:shift ratios for male and 
female rats across the first three sessions of the first reversal. Unfilled points represent 
air-exposed control rats, and filled points represent nano-TiO2-exposed rats.  
(Female n = 6-8; Male n = 7-8).  
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Figure 11. Mean (±SEM) error runs, first-run error, and error run length for male and 
female rats across the first three sessions of the first reversal. Unfilled points represent 
air-exposed control rats, and filled points represent nano-TiO2-exposed rats.  
(Female n = 6-8; Male n = 7-8).  
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Figure 12. Mean (±SEM) errors, correct:stay, and incorrect:shift ratios for male and 
female rats across the first three sessions of the first reversal. Unfilled points represent 
air-exposed control rats, and filled points represent nano-TiO2-exposed rats.  
(Female n = 6-8; Male n = 7-8).  
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Figure 13. Mean (±SEM) error runs, first-run error, and error run length for male and 
female rats across the first three sessions of the first reversal. Unfilled points represent 
air-exposed control rats, and filled points represent nano-TiO2-exposed rats.  
(Female n = 6-8; Male n = 7-8).  
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Figure 14. Mean (±SEM) reinforcement rate, response rate, and burst responses for male 
and female rats across sessions on the DRL 5-s schedule. Unfilled points represent air-
exposed control rats, and filled points represent nano-TiO2-exposed rats.  
(Female n = 6-8; Male n = 7-8).  
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Figure 15. Mean (±SEM) efficiency ratios, median and modal IRT (s) for male and 
female rats across sessions on the DRL 5-s schedule. The dotted lines on IRT measures 
indicate the criterion IRT. Unfilled points represent air-exposed control rats, and filled 
points represent nano-TiO2-exposed rats. (Female n = 6-8; Male n = 7-8).  
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Figure 16. Mean (±SEM) reinforcement rate, response rate, and burst responses for male 
and female rats across sessions on the DRL 10-s schedule. Unfilled points represent air-
exposed control rats, and filled points represent nano-TiO2-exposed rats.  
(Female n = 6-8; Male n = 7-8).  
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Figure 17. Mean (±SEM) efficiency ratios, median and modal IRT (s) for male and 
female rats across sessions on the DRL 10-s schedule. The dotted lines on IRT measures 
indicate the criterion IRT. Unfilled points represent air-exposed control rats, and filled 
points represent nano-TiO2-exposed rats. (Female n = 6-8; Male n = 7-8).  
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Figure 18. Mean (±SEM) reinforcement rate, response rate, and burst responses for male 
and female rats across sessions on the DRL 10-s schedule. Unfilled points represent air-
exposed control rats, and filled points represent nano-TiO2-exposed rats.  
(Female n = 6-8; Male n = 7-8).  
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Figure 19. Mean (±SEM) efficiency ratios, median and modal IRT (s) for male and 
female rats across sessions on the DRL 20-s schedule. The dotted lines on IRT measures 
indicate the criterion IRT. Unfilled points represent air-exposed control rats, and filled 
points represent nano-TiO2-exposed rats. (Female n = 6-8; Male n = 7-8).  
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Figure 20. Mean (±SEM) reinforcement rate, response rate, and burst responses for male 
and female rats across sessions on the DRL 30-s schedule. Unfilled points represent air-
exposed control rats, and filled points represent nano-TiO2-exposed rats.  
(Female n = 6-8; Male n = 7-8).  
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Figure 21. Mean (±SEM) efficiency ratios, median and modal IRT (s) for male and 
female rats across sessions on the DRL 30-s schedule. The dotted lines on IRT measures 
indicate the criterion IRT. Unfilled points represent air-exposed control rats, and filled 
points represent nano-TiO2-exposed rats. (Female n = 6-8; Male n = 7-8).  
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Figure 22. Mean (±SEM) reinforcement rate, response rate, and burst responses for male 
and female rats across all DRL transitions. Transitions encompassed the last session of the 
previous DRL schedule and the first session of the upcoming DRL schedule. Unfilled 
points represent air-exposed control rats, and filled points represent nano-TiO2-exposed 
rats. (Female n = 6-8; Male n = 7-8).  
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  Figure 23. Mean (±SEM) efficiency ratios, median IRT, and modal IRT for male and 
female rats across all DRL transitions. Transitions encompassed the last session of the 
previous DRL schedule and the first session of the upcoming DRL schedule. Unfilled 
points represent air-exposed control rats, and filled points represent nano-TiO2-exposed 
rats. (Female n = 6-8; Male n = 7-8).  
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Figure A. Schematic of the acoustical generator aerosol exposure system used for nano-
TiO2 exposures.   
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Figure B. Cumulative response records for active lever responses for all rats during the 8-
h acquisition session. Bolded lines in each panel represent the average of all rats within 
that group. (Female n = 8; Male n = 7-8) 
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Figure C. Representative IRT histogram from a male control rat on the DRL 20-s 
schedule. The single filled bar indicates the modal IRT for that session (19 s).  
